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61. General Introduction
1.1. Zn deficiency
Plants are sessile organisms which have to adapt to their surrounding conditions, therefore 
they have developed strategies to survive and grow under different environments and 
climates. The planet Earth’s biosphere shows a lot of variation regarding its chemical 
composition due to environmental changes and human interference which occurred in the 
past and are still occurring (Krämer and Clemens, 2005). One of these changes involves 
the mineral status of soils. Zn deficiency is one of the most widespread limiting conditions 
for crop production. It affects 30% of the world soils, including many agricultural lands in 
Australia, South-east Asia, Central and South America, Africa, India, Spain, USA, among 
others (Alloway, 2009). In addition, the majority of soils cropped in Turkey, India, Pakistan, 
China and Iran have adverse soil chemical properties which results in poor Zn nutrition and 
negatively affects growth of widely cropped plant varieties, such as wheat (Cakmak, 2007).
The main soil factors causing Zn deficiency are: (1) low Zn content, (2) low soil moisture, 
(3) high soil pH, (4) high CaCO
3
 content, (5) low amount of organic matter, (6) sandy 
soil, and (7) high amount of phosphorous in soils (Marschner, 1995;Cakmak, 2007). 
These soil properties contribute to a decrease in the solubility and bioavailability 
of Zn e.g., increasing soil pH from 6 to 7 reduces the chemical solubility of Zn in soil 
nearly 30-fold (Marschner, 1993). As a consequence, under these soil conditions 
absorption of Zn at adequate amounts for a good crop production and for sufficiently 
high mineral concentrations in the plant edible parts is significantly reduced.
Micronutrients (including Zn) deficiency is also a problem for humans. In regions of 
the world where people rely on monotonous diets, consuming only staple food crops, 
deficiency in Zn and other micronutrients is a widespread problem. According to WHO 
and FAO (2006) around 20% of the world population is at risk of Zn deficiency. In humans 
mild Zn deficiency is more common and can result in children’s reduced growth rate, 
impairment of brain function, lower resistance to infections, reduced taste acuity, increased 
severity and duration of diarrhea and delayed wound healing (Hambidge, 2000;Black, 
2003). Recent studies have also shown that changes in cellular Zn concentration play a 
role in the development of cancer cells in humans. This influence can be direct through 
the regulation of gene expression and cell viability or indirect by affecting the immune 
responses (Murakami and Hirano, 2008). Moreover, other studies have suggest that Zn 
acts an antioxidant molecule involved in defense mechanisms (Welch and Graham, 2002).
Zn deficient plants show chlorosis in young leaves, smaller leaf size, stunted growth and 
thin stems. Severe Zn deficiency may result in leaf wilting and curling with attenuated 
chlorosis and necrosis. These symptoms usually appear at first in young leaves due to a 
reduced mobility of Zn through the phloem from older to younger leaves (Hacisalihoglu 
and Kochian, 2003). Zn deficient plants usually have 15-20 µg Zn per g leaf dry weight, 
whilst it is necessary at least 20-100 µg Zn per g leaf dry weight for normal growth 
(Marschner, 1995). Zn deficient plants also show increased susceptibility to other biotic and 
abiotic stresses, such as high light and temperature and pathogen infection (Marschner, 
1995;Cakmak, 2000;Fones et al., 2010;Peck and McDonald, 2010;Disante et al., 2011;Fones 
7and Preston, 2013). Furthermore, Zn was shown to be essential for the maintenance 
of the plasma membrane integrity as a result of the formation of reactive oxygen 
species (ROS) under conditions of low Zn (Cakmak and Marschner, 1988b;O’Dell, 2000).
Zn is also known to play a key role in the protection of plants against oxidative stress. 
ROS are usually produced under biotic and abiotic stress conditions such as drought, low 
temperature, heat and pathogen attack (Mithöfer et al., 2004). One of the ROS is the 
superoxide radical (O
2
-) which can be detoxified by the enzyme superoxide dismutase 
(SOD). In the plant there are three types of SOD, being the most important of them the Zn-
containing Cu/Zn SOD present in the chloroplast (Cakmak, 2000). When plants are exposed 
to Zn deficiency less Cu/Zn SOD is produced which results in higher concentrations of 
superoxide radicals (Cakmak and Marschner, 1988a). The higher concentrations of this ROS 
increases the oxidation of proteins present in the membrane and results in the appearance 
of chlorotic and necrotic spots in the leaves (Marschner, 1995;Kirkby and Hillel, 2005).
The importance of Zn is related to its wide use in biological processes. In plants more than 
2.000 proteins are predicted to bind, transport or contain Zn2+ in their structure (Broadley 
et al., 2007;Hänsch and Mendel, 2009;Clemens, 2010). Among the transition metal ions 
the ion Zn2+ has unique chemical properties which enable it to participate in a wide range 
of biological processes. For example, because Zn occurs in a single oxidation state it cannot 
participate of free radical reactions (Berg and Shi, 1996). In addition, Zn is a strong electron 
pair acceptor with fast ligand exchange properties and flexible geometry. These properties 
make Zn ideal for catalyzing reactions, mediate protein-protein interactions and function as 
structural component of proteins (Krämer and Clemens, 2005). In the cell Zn is present in 
high concentrations in the nucleus and nucleoli. It is a structural component of transcription 
factors, RNA and DNA polymerases, histone deacetylases and splicing factors involved in 
nucleic acid synthesis and maintenance (Scrutton et al., 1971;Slater et al., 1971;Krishna et al., 
2003;Krämer and Clemens, 2005;North et al., 2012). In the cytoplasm Zn acts on the translation 
process and as a cofactor for the tRNA synthetases. In addition, the cytoplasm, lysosome, 
vacuoles and apoplast contain a lot of Zn-dependent enzymes such as α-mannosidase 
(Snaith and Levvy, 1968), carboxypeptidases, purple acid phosphatases with a binuclear 
metallocenter (Li et al., 2002) and matrix metalloproteinases (Maidment et al., 1999). Zn is 
also very important for photosynthesis and carbohydrate metabolism as part of the structure 
of the enzymes carbonic anhydrase and D-ribulose-5-phosphate 3-epimerase (Lindskog, 
1997;Jelakovic et al., 2003;Fabre et al., 2007). Furthermore, there is evidence of Zn playing a 
role as a signaling molecule in plants via mitogen-activated protein kinases (Lin et al., 2005).
1.2. Zn deficiency homeostasis and the genes involved
In order to achieve and maintain an ideal concentration of Zn in cellular compartments 
and tissues plants have evolved a mechanism named Zn homeostasis network (Clemens et 
al., 2002). The Zn homeostasis network can be divided in the following processes: uptake, 
buffering, translocation, storage and detoxification of Zn. These processes are controlled 
through the activation and deactivation of genes encoding Zn transport proteins, chelating 
molecules and signaling molecules. In the soil Zn can be present in two forms: (1) as the soluble 
divalent cation Zn2+ or (2) complexed with insoluble molecules of phosphates, carbonates and 
hydroxides (Welch and Graham, 2004;Sinclair and Kramer, 2012). The soluble Zn can be readily 
8taken up by Zn transmembrane transporters present in the root plasma membrane or via the 
apoplast. Whereas, the insoluble Zn has to be solubilized via plant mediated acidification of 
the soil or secretion of low-molecular-weight organic chelators, such as phytosiderophores 
(von Wirén et al., 1996). However, the latter has only been reported in grasses.
When plants are exposed to low levels of Zn nutrition the roots are the first organ to sense 
the change and respond by inducing the uptake of Zn which can occur via the apoplastic or 
symplastic route. In the apoplastic route Zn and other elements are transported together 
with water through the apoplastic spaces between the cells in the root epidermis and cortex 
until it reaches the casparian strip in the endodermis, which makes that Zn is transported 
via the symplast to the pericycle (Sinclair and Kramer, 2012). In Arabidopsis thaliana the 
symplastic uptake and transport of Zn at the root level is mediated by members of the Zinc-
Regulated Transporter, Iron-Regulated Transporter (ZRT-IRT)-like protein (ZIPs) family which 
is composed of fifteen genes ZIP1-12 and IRT1-3 (Grotz et al., 1998). These genes encode 
proteins involved in the transport of Zn through the plasma membrane of cells into the 
cytosol (Grotz et al., 1998;Sinclair and Kramer, 2012). At least ten members of this gene 
family where shown to be up-regulated in response to Zn deficiency (ZIP1, 2, 3, 4, 5, 9, 10, 
11, 12 and IRT3) in previous studies (Wintz et al., 2003;Talke et al., 2006;van de Mortel 
et al., 2006;van de Mortel et al., 2008;Lin et al., 2009;Assunção et al., 2010). Other two 
genes encoding closely related transcription factors (TFs) bZIP19 and 23 were described as 
regulating the response to Zn deficiency in A. thaliana plants (Assunção et al., 2010). The 
exact mechanism of activation of these TFs is not yet known, but they were hypothesized to 
be present under normal growth conditions in an inactive form which is activated when plants 
face low Zn conditions (Sinclair and Kramer, 2012;Assunção et al., 2013). In the active form 
bZIP19 and 23 can bind to the ZDRE (Zn deficiency responsive element) present in several 
members of the ZRT-IRT like Zn transmembrane transporters and induce their transcription 
allowing the plant to enhance Zn uptake under low Zn conditions (Assunção et al., 2010).
The ZRT-IRT like proteins will transport Zn through the root tissues (epidermis, cortex and 
endodermis) until it reaches the pericycle or xylem parenchyma where Zn is loaded into 
the xylem. The translocation of Zn from root to shoot in A. thaliana plants is mediated by 
the Heavy metal ATPases of the P1B-type ATPases proteins HMA2 and HMA4 (Cobbett et 
al., 2003;Eren and Arguello, 2004;Verret et al., 2004) and by the plant cadmium resistance 
protein encoded by the gene PCR2 (Song et al., 2010). However, only the gene HMA2 was 
shown to have its expression level increased in both shoots and roots of plants exposed 
to Zn deficiency conditions (Eren and Arguello, 2004;Hussain et al., 2004;Sinclair et al., 
2007;Wong et al., 2009). The gene FRD3 (Ferric Reductase Defective 3) also plays a role in 
the root to shoot Zn translocation through the xylem. FRD3 encodes a multidrug and toxin 
efflux (MATE) transporter protein which exports low molecular weight ligands that bind 
Fe and Zn inside the root vasculature and facilitates their root to shoot transport (Rogers 
and Guerinot, 2002;Green and Rogers, 2004;Durrett et al., 2007;Pineau et al., 2012).
In shoot tissue genes belonging to the ZRT-IRT-like protein family and HMA2 have their 
expression level increased in plants exposed to Zn deficiency (Grotz et al., 1998;Wintz et 
al., 2003;Assunção et al., 2010). Indicating that in shoots these genes play a role in the 
unloading of Zn from the xylem into the leaf tissue cells and its transport between leaf cells. 
After reaching the shoot tissue Zn can be re-distributed between tissues through the phloem 
9bound with nicotianamine (NA) molecules. A. thaliana has four genes encoding NA synthase 
proteins which catalyze the last step of NA synthesis (Suzuki et al., 1999). Wintz et al. (2003) 
demonstrated that all the A. thaliana NAS genes (NAS1-4) are up-regulated in response to 
Zn deficiency, whereas van de Mortel et al. (2006) found that only NAS2 and NAS4 were 
strongly up-regulated in A. thaliana roots under Zn deficiency conditions. NA is able to 
chelate Zn and other metals forming metal-NA complexes which can be transported through 
the phloem or xylem (Suzuki et al., 1999;Takahashi et al., 2003;Klatte et al., 2009;Haydon et 
al., 2012). The Yellow Stripe-Like family of transporter proteins act by transporting NA-metal 
complexes into the cytosol (DiDonato et al., 2004). A. thaliana encodes eight members 
of this gene family, but only YSL3 was shown to respond to Zn deficiency (Schaaf et al., 
2004). YSL3 encodes a protein responsible for remobilizing metals-NA complexes from 
senescing tissues to reproductive organs (Waters et al., 2006;Waters and Grusak, 2008). 
The cell vacuoles are important sites for Zn remobilization during periods of Zn deficiency 
and for Zn storage and detoxification when Zn is present in excess (Sinclair and Kramer, 
2012). A. thaliana has twelve MTP (metal transporter proteins) genes which belong 
to the cation diffusion facilitator family (Montanini et al., 2007). The genes MTP1 
and MTP3 encode vacuolar transmembrane transporters which are involved in Zn 
sequestration under conditions of Zn excess (Kobae et al., 2004;Desbrosses-Fonrouge 
et al., 2005;Arrivault et al., 2006;Gustin et al., 2009). MTP2 is the only member of 
this gene family shown to respond to Zn deficiency in A. thaliana roots, however, 
its exact role under these conditions is not yet known (van de Mortel et al., 2006).
Finally, many of the metal transporters induced by Zn and other micronutrients deficiency 
have a low specificity and are able to transport more than one element (Shanmugam et al., 
2013). As a result plants exposed to Zn deficiency may have high concentrations of other 
micronutrients which demonstrate the cross-talk between Zn and other micronutrients 
homeostasis. The most described phenomena is the increased Fe concentration in plants 
exposed to Zn deficiency due to the high expression levels of the gene IRT3 which encodes a 
Zn and Fe transmembrane transporter (Grotz et al., 1998;Wintz et al., 2003;Lin et al., 2009).
1.3. Zn deficiency tolerance
In nature plants exhibit a high level of plasticity in order to adapt to the differences in 
mineral availability and other growth limiting factors faced during their life cycle (Krämer and 
Clemens, 2005). As a result, nutrient-poor soils may host plant taxa which developed a more 
efficient nutrient acquisition system. These plant genotypes which are able to grow and 
complete their life cycle even when facing nutrient limiting conditions are named tolerant 
or efficient genotypes (Graham et al., 1992). The study of natural variation for Zn deficiency 
tolerance resulted in the identification of genotypes showing differences for Zn deficiency 
tolerance in several crop species, e.g. bean (Hacisalihoglu et al., 2004), maize (Furlani et al., 
2005;Chaab et al., 2011), rice (Wissuwa et al., 2006;Chen et al., 2009;Wu et al., 2010), soybean 
(Moraghan and Grafton, 2003;Fageria et al., 2008), wheat (Genc et al., 2008;Cakmak et al., 
2010;Souza et al., 2014), barley (Sadeghzadeh et al., 2009), brassica (Wu et al., 2007;Broadley 
et al., 2010) and coffee (Tomaz et al., 2011). Natural variation for Zn and other elements 
concentrations have also been extensively studied using different accessions of A. thaliana 
(Vreugdenhil et al., 2004;Buescher et al., 2010;Baxter et al., 2012;Ghandilyan et al., 2012).
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The level of tolerance that a plant has to low levels of Zn and other elements can be 
calculated based on different traits and parameters (Good et al., 2004). Zn Efficiency (ZnE) 
is the most widespread method to measure Zn deficiency tolerance. It is based on the 
comparison of biomass production under Zn deficiency and sufficiency growth conditions 
between different genotypes of the same species (Marschner, 1995;Wu et al., 2007;Genc et 
al., 2008;Ghandilyan et al., 2012;Karim et al., 2012). However, when aiming to identify plant 
varieties which are not only able to grow well under Zn deficiency but also have high levels 
of Zn in its edible parts it is also important to evaluate the plant yield and Zn concentration 
in edible tissues (Cakmak, 2007;White and Broadley, 2011;Olsen and Palmgren, 2014). The 
measurement of Zn usage index (ZnUI) shows the amount of dry biomass produced per mg of 
Zn in the tissue and enables the comparison of plant genotypes which do not show significant 
differences in Zn concentration, but differ in biomass production under Zn deficiency (Siddiqi 
and Glass, 1981;Marschner, 1995;Cakmak et al., 1998;Good et al., 2004;Genc et al., 2006).
Among the proposed mechanisms underlying plants higher tolerance to Zn deficiency is 
the plants ability to enhance the uptake of Zn from the soil solution (Rengel, 2001). This 
can happen via the plants better ability of solubilizing the non-available Zn present in the 
soil, capacity of scavenging larger soil areas and/or via the plants increased potential of 
nutrient transport across the plasma membrane (Rengel, 2001). Other factors which may 
also result in a higher tolerance to Zn deficiency involve the plants efficient utilization and 
compartmentalization of Zn within cells, tissues and organs and their higher resistance to the 
side effects caused by the low Zn stress condition, such as the formation of ROS (Rengel, 2001).
The first step for micronutrients uptake occurs in the root-soil interface and can be 
enhanced by modifications in the root morphology, exudation of compounds which 
increase mineral availability, mycorrhyzae associations and chemical and physical changes 
in the soil. Comparisons between Zn tolerant and sensitive genotypes demonstrated that 
plants with a higher mining capacity, due to an increased root surface area with longer 
and thinner roots (Genc et al., 2006;Chen et al., 2009), or higher capacity of exuding 
mineral solubilizing compounds such as organic acids (oxalate and citrate) (Hoffland et 
al., 2006) show an advantage on Zn absorption capacity (Cakmak et al., 1996;Rengel and 
Hawkesford, 1997). In grasses phytosiderophores (PS), excreted by plants, are responsible 
for chelating micronutrients in roots and there is evidence that its release by roots 
under Zn deficiency correlates with Zn tolerant genotypes (Cakmak et al., 1996;Rengel 
and Römheld, 2000;Neelam et al., 2010). However, other studies point to no correlation 
between PS exudation and Zn tolerant genotypes (Erenoglu et al., 1996;Pedler et al., 
2000). Mycorrhizae associations are also known to play a role on nutrient uptake in 
some leguminous plants (Schultz et al., 2010). However, Kothari et al. (1990) found 
similar results for Zn content when comparing genotypes with contrasting tolerance 
to Zn deficiency grown in soil and hydroponics culture with mycorrhizae associations.
Plants Zn uptake capacity is also dependent on the number of transmembrane transporters 
present at the root, the affinity of these transporters and their turnover rate which may vary 
between genotypes (Rengel, 2001). However, to date natural variation among genotypes for 
these traits have not been investigated. Another important factor to be considered in plants 
exposed to severe Zn deficiency conditions is their capacity of nutrient replenishment at 
the root surface (Rengel, 2001). Under conditions of severe Zn deficiency if the capacity of 
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Zn replenishment at the root surface is lower than the capacity of root cells to uptake Zn 
the processes involved in a higher Zn uptake capacity become of secondary importance.
The tolerance of plants to low levels of Zn depends not only on the plant’s ability to uptake 
Zn, but also in their ability of Zn translocation to edible parts and efficient use to maintain 
growth and yield. Studies comparing rice genotypes demonstrated that Zn deficiency tolerant 
plants had a higher Zn total uptake and root to shoot Zn translocation combined with a higher 
ability of redistributing Zn from older to actively growing tissues (Gao et al., 2005;Impa et al., 
2013a;Impa et al., 2013b). Other studies also showed that Zn deficient tolerant rice genotypes 
had a more efficient root to shoot Zn translocation resulting in a higher concentration of this 
metal in grains, stems and leaves, whereas sensitive genotypes accumulated more Zn in 
roots (Wu et al., 2010). In another study using rice genotypes the authors proposed that the 
high ability of Zn translocation to the shoots combined with the reduced translocation of Fe, 
Mg, P, Mn and Cu may result in a higher tolerance to Zn deficiency (Wissuwa et al., 2006). 
The high concentration of these elements could result in the disruption of enzymes function 
and attenuation of the oxidative stress caused by Zn deficiency (Cakmak, 2000;Wissuwa et 
al., 2006). Sadeghzadeh et al. (2009) found that Zn tolerant barley genotypes accumulated 
more Zn in roots and shoots when grown under adequate or low Zn supply. On the other 
hand, studies with bread wheat and bean genotypes indicated that higher Zn translocation 
does not correlate with Zn tolerance (Kalayci et al., 1999;Hacisalihoglu and Kochian, 2003).
As mentioned previously Zn is involved in many biological processes in the plant, such as 
protein metabolism, gene expression, integrity of bio-membranes, photosynthesis and 
auxin synthesis (Marschner, 1995;Cakmak, 2000;Sinclair and Kramer, 2012). A more efficient 
incorporation and utilization of Zn in all these mechanisms may also be responsible for 
differences on Zn deficiency tolerance between genotypes (Rengel, 2001;Hacisalihoglu and 
Kochian, 2003;Singh et al., 2005). The ability of maintaining the activity of enzymes such as 
SOD and carbonic anhydrase under Zn deficiency was shown to be correlated with a higher 
tolerance to Zn deficiency (Hacisalihoglu et al., 2003;Karim et al., 2012;Li et al., 2013).
In addition, plants ability to cope with low Zn nutritional conditions may also be influenced by 
differences in the minimum Zn concentration needed for optimal growth required by different 
plant genotypes. Conn et al. (2012) demonstrated that among 413 A. thaliana accessions 
there was a variation of 7.2 fold for Zn concentration in leaf tissue. Variation between A. 
thaliana genotypes for Zn and other elements concentrations have been demonstrated 
in several studies (Atwell et al., 2010;Buescher et al., 2010;Baxter et al., 2012;Conn et al., 
2012). The best understanding of the mechanisms involved in Zn deficiency tolerance is of 
paramount importance, its implementation in key staple crops may enable the increase of 
plant’s Zn nutritional level and cropping of Zn deficient lands around the world. This would 
make feasible the use of soils before difficult/inappropriate to agriculture and enhance the 
cropping area available in the world. As most part of these soils are located in poor regions 
of the world the utilization of plant genotypes tolerant to Zn deficiency would also have 
a positive effect on the local economy and food nutritional value when considering the 
fact that these plants have also an improved ability to translocate Zn to their edible parts.
In this thesis we focused on the study of changes induced by Zn deficiency at the 
physiological and transcriptional level in A. thaliana. Commonly known as thale cress, A. 
thaliana was at first established as a model organism mainly because of its short generation 
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time, small size and large seed production via self-pollination (Koornneef and Meinke, 
2010). With the development of molecular and genetic tools A. thaliana enhanced its 
importance as a model organism for genetic and molecular studies because of its small 
genome size, well established transformation protocol and large collection of mutant 
lines available (Somerville and Koornneef, 2002). In addition, due to its wide geographical 
distribution it has been extensively used for the study of natural variation and the genetic 
basis of plant adaptation (Alonso-Blanco and Koornneef, 2000;Koornneef et al., 2004;Atwell 
et al., 2010;Weigel, 2011). The genetic basis of plant nutrition has been widely studied 
using A. thaliana and many genes were found. However, this knowledge is not complete 
and the regulation of Zn and other elements homeostasis still has gaps to be filled.
1.4. Arabidopsis natural variation helps to reveal genes involved on Zn Homeostasis
Studies aiming at the identification of new genes involved in Zn homeostasis rely mainly on 
the natural genetic variation present for Zn concentration and tolerance to Zn deficiency 
and excess within a species. The elements concentration in plants and other organisms is 
named the ionome (Salt, 2004). Elements concentration in leaf, seed, and root were shown 
to be widely variable between natural A. thaliana accessions (Baxter et al., 2012;Conn et al., 
2012). The genetic basis of Zn homeostasis in A. thaliana have been studied enabling the 
identification of several important genes (Clemens et al., 2002;Wintz et al., 2003;Krämer 
and Clemens, 2005;Colangelo and Guerinot, 2006;Talke et al., 2006;van de Mortel et al., 
2006;van de Mortel et al., 2008;Palmer and Guerinot, 2009;Assunção et al., 2010;Richard 
et al., 2011;Waters and Sankaran, 2011). However, the complete genetic network 
controlling Zn homeostasis and underlying the observed natural variation for tolerance 
to Zn deficiency and excess among A. thaliana accessions is not completely known.
The identification of genes responsible for ionomic differences is a challenging and lengthy 
procedure which commonly involves the screening of large populations or laboratory-induced 
mutants. Quantitative trait locus (QTL) and genome wide association (GWAS) mapping are the 
main approaches chosen for population genetics studies. In the QTL mapping, populations of 
recombinant inbred lines (RILs) resulting from a cross a between pairs of accessions contrasting 
for a particular trait, are used to find the locus that controls or influences a phenotype. GWAS 
uses natural variation to identify genes regulating a certain trait of interest. Micronutrient 
concentration is a complex trait controlled by a large number of loci with moderate effect 
which are also highly dependent on the environmental conditions (Alonso-Blanco et al., 
2009;Alonso-Blanco and Mendez-Vigo, 2014). Existing natural variation, trait heritability, 
gene functional analysis, associations among traits and available screening techniques can 
be used to help dissect traits such as Zn deficiency tolerance and reveal its genetic control.
Several studies have used A. thaliana genetic variation for the identification of genes related to 
adaptive traits such as tolerance to abiotic and biotic stresses (Alonso-Blanco and Koornneef, 
2000;Alonso-Blanco and Mendez-Vigo, 2014). QTLs controlling seed and leaf Zn and other 
elements concentration were identified using A. thaliana RIL populations and natural 
accessions (Vreugdenhil et al., 2004;Baxter et al., 2008a;Ghandilyan et al., 2009;Buescher 
et al., 2010;Baxter et al., 2012;Ghandilyan et al., 2012). Ghandilyan et al. (2009) (2012) 
demonstrated that different loci control Zn concentration under Zn sufficiency and deficiency 
conditions using an A. thaliana RIL population grown under Zn deficiency conditions. More 
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recently population genetics studies turned to the use of large collections of natural A. 
thaliana accessions to investigate the genetic basis of several biological traits, including 
elements accumulation using GWAS (Atwell et al., 2010;Baxter et al., 2010;Chao et al., 2012).
However, the large size of candidate genomic regions identified through QTL studies 
is a bottleneck in the processes of identifying the causal gene(s) (Korte and Farlow, 
2013). Furthermore, although GWAS enables a higher resolution of candidate genomic 
regions, studies investigating plants grown under Zn sufficiency conditions did not 
find significant associations for the trait Zn concentration (Atwell et al., 2010). This 
may reflect the tight control of the genetic regulatory network of Zn homeostasis. 
The recent advances in sequencing technologies towards more affordable prices and 
improved whole genome sequencing strategies combined with mapping tools are a 
promising strategy to the unravel the genetic mechanisms controlling Zn homeostasis 
not only in A. thaliana but also in other several plant species (Mutz et al., 2013).
The detailed understanding of the genetic control of Zn homeostasis is an important 
step in the process of crops biofortication for higher Zn concentration in their edible 
parts in order to achieve a positive effect on human nutrition (Pfeiffer and McClafferty, 
2007;Waters and Sankaran, 2011). Several strategies can be applied to increase Zn and 
other micronutrients concentration in human diet, such as (1) soil Zn fertilization; (2) 
food supplementation; (3) breeding for plant genotypes with a higher nutritional value; 
and (4) genetic engineering of plants with genes controlling mineral homeostasis and 
availability (Welch and Graham, 2004;Cakmak, 2007). In this context the study of natural 
variation is important to pave the way for the identification of Zn deficiency tolerant 
genotypes and help with the understanding of the genetic control of Zn homeostasis.
1.5. Outline of the thesis
In this thesis we investigated natural variation for Zn deficiency tolerance among different 
accessions of A. thaliana in order to identify possible mechanisms involved in a higher 
tolerance to Zn deficiency and the underlying responsible genes. To understand the 
mechanisms in plants responsible for tolerance to suboptimal Zn supply in chapters 2 
and 3 we analyzed natural variation for Zn deficiency tolerance among twenty diverse A. 
thaliana accessions grown under two levels of Zn deficiency (severe and mild). In chapter 
2 we focused on differences between the accessions considering changes in the ionome, 
growth traits and expression level of key Zn deficiency genes in the shoot tissue. In chapter 
3 we used a similar approach to compare the changes induced by Zn deficiency in the root 
system architecture, growth and ionome in the twenty A. thaliana accessions. Based on 
the results obtained in chapter 2 we selected three A. thaliana accessions (Col-0, Tsu-0 
and Pa-2) with contrasting tolerance to Zn deficiency in shoots to be studied at the whole 
genome transcriptional level. In chapter 4 we describe the genes which show a similar 
response to Zn deficiency in the three A. thaliana accessions studied named here as general 
Zn deficiency responsive genes. We also analyzed the changes in gene expression in shoot 
and root tissue and after short and long term exposure to Zn deficiency. In chapter 5 we 
described the genes responsible for the accessions’ specific response to Zn deficiency 
in both root and shoot tissue and after short and long term exposure to Zn deficiency. 
The main results obtained in this thesis and their relevance for the current studies on 
Zn homeostasis and the future perspectives for research are discussed in chapter 6.
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2. Natural variation for Zn deficiency tolerance in Arabidopsis thaliana 
reveals changes in the shoot ionome and Zn homeostasis gene expression 
as biomarkers for plant Zn nutritional status.
Ana Carolina A. L. Campos, Willem Kruijer, Ross Alexander, John Danku, David E. Salt, Mark 
G. M. Aarts
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Abstract
Zinc (Zn) is a crucial co-factor for many enzymes and therefore an essential nutrient for 
plants. Approximately one third of the global arable land suffers from low Zn bioavailability 
which leads to reduced crop yield and quality. To understand the mechanisms in plants 
responsible for tolerance to suboptimal Zn supply we evaluated the response of twenty 
diverse Arabidopsis thaliana accessions to low Zn supply at the physiological and molecular 
level. Plants were grown hydroponically under Zn sufficiency and two Zn deficient 
conditions. Large natural variation was observed among these accessions for all traits 
analysed, including visible Zn deficiency symptoms (leaf chlorosis, necrotic spots), biomass, 
Zn content, Zn usage index (ZnUI) and the concentration of Zn and other elements. The 
observed variation in Zn concentration means that differences in Zn requirements may 
contribute to a higher or lower tolerance to Zn deficiency. The visible phenotypic differences 
between accessions under severe and mild Zn deficiency are related to the increased 
concentration of Fe and Mn in shoots of plants under severe Zn deficiency. In order 
to gain a better insight into the Zn deficiency physiological status, a multinomial logistic 
regression model was used to distinguish plants grown under Zn sufficiency, severe and 
mild Zn deficient conditions based on differences in the shoot ionome. We demonstrated 
that differences in the shoot ionome can be used as biomarkers for plant Zn status. In 
addition to the physiological traits, the expression of six genes involved in the Zn deficiency 
response in A. thaliana was measured in eight accessions with contrasting ZnUI values. A 
positive correlation between gene expression, ZnUI and shoot biomass was found, providing 
new insights into the mechanisms regulating Zn deficiency tolerance in A. thaliana plants.
17
1. Introduction
Zinc (Zn) is an essential micronutrient required for plant growth and development. Many 
agricultural soils in the Middle East, India, and parts of Australia, America and Central Asia 
confer Zn deficiency to plants, often due to poor Zn availability caused by the high pH in 
calcareous soils. Zn deficient soils affect crop yield and quality and results in human malnutrition 
through the intake food containing low concentrations of Zn and other micronutrients 
(Cakmak, 2007;Alloway, 2009). Zn deficiency in humans causes short stature, impaired 
brain development and immune function which make them more susceptible to respiratory 
infections, malaria and diarrhoea (W.H.O. and F.A.O., 2006). The World Health Organization 
(WHO) and the Food and Agriculture Organization (FAO) of the United Nations estimate that 
about one third of the world’s population suffers from mild or severe Zn deficiency. Since plants 
are often the main source of dietary Zn, improving their Zn concentration and Zn deficiency 
tolerance is an important goal in fighting this ‘hidden hunger’ (www.harvestplus.org).
Zn has distinctive chemical properties, being a strong electron pair acceptor with 
flexible coordination geometry and the ability to swiftly exchange ligands (Sinclair and 
Kramer, 2012). It acts as a co-factor for many different enzyme types and through Zn-
finger proteins it is involved in the regulation of gene expression (Clemens, 2010). 
Overall, Zn plays an important role in several biological processes (Grotz and Guerinot, 
2006), which explains why lack of Zn hampers plant growth and development. 
Moderately Zn deficient plants show chlorosis in young leaves and early senescence 
of older leaves, accompanied by reduced plant growth. Severe Zn deficiency results 
in extensive leaf chlorosis, wilting, stunting, leaf curling and reduced root elongation 
(Marschner, 1995). In the model plant species Arabidopsis thaliana all of these symptoms, 
as well as delayed flowering, are observed when grown under Zn deficiency (Talukdar 
and Aarts, 2007). Since Zn deficiency also affects the function of enzymes such as 
copper/zinc superoxide dismutase (Cu/Zn SOD) and carbonic anhydrase (CA), it leads to 
the accumulation of reactive oxygen species (ROS) which causes oxidative damage and 
reduction in photosynthesis (Clemens, 2010;Ibarra-Laclette et al., 2013). The optimal Zn 
concentration plants need is around 15-20 µg per g dry biomass (Marschner, 1995). This 
varies from species to species and between plants of the same species (White and Broadley, 
2011), which suggests there is inter- and intra-species variation for the ability to tolerate 
low soil Zn availability and still be able to grow and reproduce (Marschner, 1995). Natural 
variation for Zn deficiency tolerance between different genotypes has been described 
for several plant species (Graham et al., 1992;Rengel and Graham, 1996;Cakmak et al., 
1998;Hacisalihoglu et al., 2004;Genc et al., 2006;Ghandilyan et al., 2012;Karim et al., 2012).
The ability of a plant to grow and yield under Zn limiting conditions in comparison to ideal growth 
conditions is defined as Zn Efficiency (ZnE) (Marschner, 1995). It is quantified by calculating 
the difference in relative growth or yield between plants grown under normal and Zn deficient 
conditions (Marschner, 1995). Another parameter used to evaluate Zn deficiency tolerance 
is the Zn Usage Index (ZnUI), which quantifies the amount of dry matter produced per mg of 
Zn in the tissue. It allows the comparison of plant genotypes which do not show significant 
differences in Zn concentration, but differ in biomass production under Zn deficiency (Siddiqi 
and Glass, 1981;Marschner, 1995;Cakmak et al., 1998;Good et al., 2004;Genc et al., 2006). 
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To control Zn homeostasis and avoid possible problems associated with inappropriate 
Zn supply plants have developed an efficient system to control Zn uptake from the soil, 
distribution over different organs, tissues or cellular organelles and (re)mobilization 
through the plant (Marschner, 1995;van de Mortel et al., 2006;Sinclair and Kramer, 
2012). While the actual Zn deficiency sensor is not yet known, the Zn deficiency 
response in A. thaliana is hypothesized to start with the activation of the transcription 
factors bZIP19 and bZIP23, the function of which is essential for the plant to survive 
Zn deficiency (Assunção et al., 2010;Assunção et al., 2013). Under Zn deficiency the 
concentrations of other elements in the plant are also altered, probably as a result of 
the strong up-regulation of Zn transport proteins such as IRT3, ZIP3 and ZIP4 which can 
also transport Fe, Mn and Cu, (Grotz et al., 1998;Wintz et al., 2003;Lin et al., 2009). 
Zn is among the essential elements which compose the plant ionome together with 
non-essential elements, such as Cd (Salt et al., 2008). The ionome profile reflects the 
physiological state of a plant under various genetic, developmental, and environmental 
backgrounds (Salt et al., 2008) and can be used as a biomarker for a particular physiological 
condition. Biomarker based models are used to determine differences in the nutritional 
status among large sets of different plant genotypes and experimental batches (Baxter 
et al., 2008a). Natural variation for the ionome profile has been studied in A. thaliana 
accessions, unravelling important mechanisms in plant ion homeostasis (Rus et al., 
2005;Loudet et al., 2007;Baxter et al., 2008a;Kobayashi et al., 2008;Morrissey et al., 
2009;Baxter et al., 2010;Chao et al., 2012;Pineau et al., 2012;Koprivova et al., 2013). 
A detailed study on the response of plants to Zn deficiency has not yet been performed, 
while it will be of paramount importance to understand the relevant physiological and 
molecular mechanisms involved in order to improve the performance of crops grown 
under suboptimal Zn conditions and increase the Zn content in their edible parts. In 
this study we describe the analysis of natural genetic variation for physiological and 
molecular traits involved in Zn deficiency tolerance among twenty diverse A. thaliana 
accessions. The shoot ionome profiles of these accessions revealed that while Zn 
concentrations were not very different, the concentrations of other elements varied 
between the studied Zn deficiency levels. This was used to develop a logistic regression 
model capable of differentiating plants that have been exposed to different Zn supply 
conditions. We also demonstrated that changes in the plant Zn nutritional status can 
be identified based on changes in the shoot gene expression level of Zn homeostasis 
genes. Hence, our study opens up the possibility of simplifying the high-throughput 
screening of genetic variation for Zn deficiency tolerance, by focusing on few biomarkers.
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2. Material and methods
2.1. Plant material and hydroponic growth
A set of twenty A. thaliana accessions was selected based on their diverse site of origin 
(Table S1). Seeds were surface-sterilized with chlorine vapour-phase seed sterilization and 
sown in petri dishes on wet filter paper followed by a 4-day stratification treatment at 4 
°C in the dark, to promote uniform germination. Seeds were transplanted to 0.5% (w/v) 
agar-filled tubes of which the bottom was cut off, and placed in a modified half-strength 
Hoagland nutrient solution for hydroponic growth (Assunção et al., 2003): 3 mM KNO
3
, 2 
mM Ca(NO
3
)
2
, 1 mM NH
4
H
2
PO
4
, 0.5 mM MgSO
4
, 1 µM KCl, 25 µM H
3
BO
3
, 2 µM MnSO
4
, 
0.1 µM CuSO
4
, 0.1 µM (NH
4
)
6
Mo
7
O
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, 20 µM Fe(Na)EDTA. The pH was set at 5.5 using KOH 
and buffered with 2 mM MES (2- (N-morpholino) ethanesulfonic acid). Plants were grown 
hydroponically in two experiments performed separately. In experiment one, named 
here as the mild Zn deficiency experiment, we compared plants grown for 41 days under 
sufficient Zn supply (2 µM ZnSO
4
) and mild Zn deficiency (0.05 µM ZnSO
4
). In experiment 
two, named here as the severe Zn deficiency experiment, we compared plants grown for 31 
days under sufficient Zn supply (2 µM ZnSO
4
) and severe Zn deficiency (no Zn added to the 
nutrient solution). Plants were grown in a climate-controlled chamber set at 70 % relative 
humidity, with 12 h day (120 µmol photons m-2.s-1), 12 h night and 20 °C/15 °C day/night 
temperatures. The hydroponic system consisted of plastic trays (46 x 31 x 8 cm) holding 
9 L nutrient solution, covered with a non-translucent 5-mm-thick plastic lid with evenly 
spaced holes in a 7 x 10 format holding the agar-filled tubes with plantlets. The nutrient 
solution was refreshed once a week. Shoot fresh weight was measured in all samples upon 
harvesting. Some samples were immediately frozen in liquid nitrogen and stored at -80oC for 
gene expression and elements concentration analysis. The remaining samples were dried 
for 72 h at 60 °C and used to obtain the shoot dry weight. For these samples we calculated 
the shoot dry weight (SDW)/shoot fresh weight (SFW) ratio and obtained a correction 
factor used to estimate the dry weight of the shoot samples used for gene expression 
and elements concentration analysis. In order to evaluate the effect of the Zn deficiency 
treatment on the different A. thaliana accessions studied we calculated the relative change 
in SDW, Zn concentration and Zn content and the Zn Usage Index (ZnUI) (Siddiqi and 
Glass, 1981;Good et al., 2004). The ZnUI was calculated based on the following formula:
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𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍 = (
𝑠𝑠ℎ𝑜𝑜𝑜𝑜𝑜𝑜 𝑏𝑏𝑏𝑏𝑜𝑜𝑏𝑏𝑏𝑏𝑠𝑠𝑠𝑠 (𝑔𝑔)
𝑠𝑠ℎ𝑜𝑜𝑜𝑜𝑜𝑜 𝑍𝑍𝑍𝑍 𝑐𝑐𝑜𝑜𝑍𝑍𝑐𝑐𝑐𝑐𝑍𝑍𝑜𝑜𝑐𝑐𝑏𝑏𝑜𝑜𝑏𝑏𝑜𝑜𝑍𝑍 (𝑝𝑝𝑝𝑝𝑏𝑏)
) × 1000 
 
Tissue elemental analysis 
 
The shoot ionome profile was determined for a sample of two leaves harvested from five 
replications of each A. thaliana accession per treatment. Samples were first dried for 72 h at 
60 oC, transferred to 96-well plates with tubes containing one 5-mm glass bead and 
homogenized utilizing a 96-well plate mixer mill from Qiagen® for 5 minutes at 30 Hz. A 
small amount of plant material (2 - 4 mg) was transferred to Pyrex test tubes (16 x 100 mm) 
and digested with 0.9 ml of concentrated nitric acid (Baker Instra-Analyzed; Avantor 
Performance Materials; http://www.avantormaterials.com) for 5 hours at 115 oC. Samples 
were diluted to 10 ml with 18.2 MΩcm Milli-Q water. Elemental analysis were performed 
with an inductively coupled plasma mass spectrometry ICP-MS (Elan DRC II; PerkinElmer, 
http://www.perkinelmer.com) for Li, B, Na, Mg, P, S, K, Ca, Mn, Fe, Co, Ni, Cu, Zn, As, Se, 
Rb, Sr, Mo and Cd. A reference composed of pooled samples of digested shoot material was 
prepared and included every 9th sample in all sample sets of 70 samples to correct for 
variation between and within ICP-MS analysis runs. Seven samples from each sample set 
were weighed and used during the iterative weight normalization process to estimate the 
weight of the remaining 63 samples from the set (Danku et al., 2013). The following elements 
were not added to the nutrient solution: Cd, Sr, Li, Co, Ni, As, Se and Rb; and, except for Cd, 
their concentrations is not shown. 
 
Gene expression 
 
Gene expression analysis was performed for eight accessions with different ZnUI values 
selected from the tested set of twenty accessions grown under mild Zn deficiency conditions. 
Frozen shoot material from plants grown under mild and severe Zn deficiency and their 
respective control (Zn sufficiency) treatments was used, in three biological replicates, each 
consisting of material from three plants. Total RNA was extracted using the method of Onate-
Sanchez and Vicente-Carbajosa (2008). cDNA was synthesized from 1 µg of total RNA using 
2.2. Tissue elemental analysis
The shoot ionome profile was determined for a sample of two leaves harvested from five 
replications of each A. thaliana accession per treatment. Samples were first dried for 72 h at 60 
oC, transferred to 96-well plates with tubes containing one 5 mm glass bead and homogenized 
utilizing a 96-well plate mixer mill from Qiagen® for 5 minut s at 30 Hz. A small amount of 
plant material (2 - 4 mg) was transferred to Pyrex test tubes (16 x 100 mm) and digested with 
0.9 ml of concentrated nitric acid (Baker Instra-Analyzed; Avantor Performance Materials; 
http://www.avantormaterials.com) for 5 hours at 115 oC. Samples were diluted to 10 ml with 
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18.2 MΩcm Milli-Q water. Elemental analysis were performed with an inductively coupled 
plasma mass spectrometry ICP-MS (Elan DRC II; PerkinElmer, http://www.perkinelmer.com) 
for Li, B, Na, Mg, P, S, K, Ca, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Rb, Sr, Mo and Cd. A reference 
composed of pooled samples of digested shoot material was prepared and included every 
9th sample in all sample sets of 70 samples to correct for variation between and within ICP-
MS analysis runs. Seven samples from each sample set were weighed and used during the 
iterative weight normalization process to estimate the weight of the remaining 63 samples 
from the set (Danku et al., 2013). The following elements were not added to the nutrient 
solution: Cd, Sr, Li, Co, Ni, As, Se and Rb; and, except for Cd, their concentrations are not shown.
2.3. Gene expression
Gene expression analysis was performed for eight accessions with different ZnUI values 
selected from the tested set of twenty accessions grown under mild Zn deficiency conditions. 
Frozen shoot material from plants grown under mild and severe Zn deficiency and their 
respective control (Zn sufficiency) treatments was used, in three biological replicates, each 
consisting of material from three plants. Total RNA was extracted using the method of Onate-
Sanchez and Vicente-Carbajosa (2008). cDNA was synthesized from 1 µg of total RNA using 
the iScript cDNA synthesis kit from BioRad® as per the manufacturer’s instructions. Following 
synthesis, cDNA was diluted 10-fold. qRT-PCRs were performed in triplicate with iQ SYBR 
Green Supermix (BioRad®) in an iQ Real Time PCR machine (BioRad®). Relative transcript 
levels of selected genes were determined by qRT-PCR. The expression of the genes IRT3 
(At1g60960), ZIP3 (At2g32270), ZIP4 (At1g10970), bZIP19 (At4g35040), CSD2 (At2g28190), 
and CA2 (At5g14740) were measured. The oligonucleotides used for each gene are shown 
in table S2. Amplicon lengths were between 80 and 120 bp and all primers combinations 
had at least 95% efficiency. Reaction volumes were 10 µL (5 µL SYBR green qPCR mix, 300 
nmol of each primer and 4 µL of cDNA template). Cycling parameters were 4 minutes at 
95 ˚C, then 40 cycles of 15 seconds at 95 ˚C and 30 seconds at 55 ˚C. Gene expression 
values were normalized to the house-keeping gene PEX4 (At5g25760) and gene expression 
values were calculated relative to the accession Col-0 under control conditions of the severe 
and mild Zn deficiency experiments, using the 2 –ΔΔCT method (Livak and Schmittgen, 2001).
2.4. Statistical analysis
For all shoot traits and gene expression ΔCT values we performed a two-way ANOVA 
analysis to test for significant differences between treatments, accessions and the 
interaction between treatments and accessions. To test for significant differences between 
accessions for relative change in SDW, Zn concentration and Zn content in response to 
the Zn deficiency treatment we performed a one-way ANOVA. We also performed a 
one-way ANOVA to test for significant differences between the four treatments applied 
in this study for each element concentration. For element concentrations, the values 
were log10-transformed and we performed a Benjamini-Hochberg multiple comparisons 
correction of the p-values. If significant differences were observed we performed a 
Tukey’s HSD post-hoc test with a cut-off level of significance lower or equal to 0.05.
In order to check for correlations between the studied traits we calculated Pearson correlation 
coefficients based on accessions averages. The analyses were performed for the four 
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treatments separately. A two-tailed test of significance was performed and a p-value of 0.05 
was used as cut-off. Broad-sense heritability was calculated as the ratio between estimated 
genetic variance and total phenotypic variance (= genetic variance + environmental variance).
2.5. Multivariate analysis and classification
In order to predict the plant response to different levels of Zn nutrition from its ionomic 
profile, we used a logistic regression model similar to the one used by Baxter et al. (2008b) 
with some amendments. For the analysis we first normalized all element concentrations by 
subtracting the means of the Zn sufficiency group. After doing this for both experiments, 
both Zn sufficiency groups have zero mean and unit variance and the element concentrations 
in the plants at severe or mild stress are relative to the Zn sufficiency treatment in the same 
experiment. The prediction performance was assessed by drawing 100 times a training set 
of 199 plants from the total of 398 plants, while the remaining 199 plants were used as a 
validation set at each time. Each training set was drawn in a stratified manner, respecting the 
number of plants in the Zn sufficiency (2x100), mild (99) and severe Zn deficiency treatment 
(99) categories. A penalized logistic regression model was fit for each training set using the 
R-package “glmnet” (Friedman et al., 2010), and used to predict the status of the 199 plants 
in the validation set. The glmnet implementation of MLR model is such that each of the three 
groups has its own vector of regression coefficients, which are automatically constrained 
to give three probabilities summing to one. Prediction performance was estimated 
by averaging the proportion of correctly classified plants over the 100 validation sets.
3. Results
3.1. Natural variation in Zn deficiency response for physiological and morphological traits
A set of twenty A. thaliana diverse accessions (Table S1) was grown hydroponically with 
sufficient Zn supply (2 μM ZnSO
4
; control) and mild (0.05 μM ZnSO
4
) or severe Zn deficiency 
(no Zn added to the medium). After 31 days of exposure to severe Zn deficiency, plants 
showed clear deficiency symptoms, primarily visible by reduced growth compared to plants 
in the Zn sufficiency treatment, curling of the leaves and the presence of chlorotic and 
necrotic spots on the leaves (Figure 1 A and B). After 31 days of exposure to mild Zn deficiency, 
the accessions did not show any sign of Zn deficiency, which is why they were grown for an 
additional 10 days. Even then, only few accessions showed visual Zn deficiency symptoms, 
mainly slight chlorosis in leaves and reduction in growth (Figure 1 C and D), confirming that 
the treatment was indeed mild. Due to the death of most replications of the accession 
Cvi-0 under severe Zn deficiency, this accession was excluded from our further analysis.
Harvested rosettes were weighed to determine SFW and subsequently used to determine 
the shoot ionome profile of these accessions for the different Zn treatments. SDW was 
estimated based on the SDW/SFW ratio obtained from additional plants grown under the 
same experimental conditions. SDW and Zn concentration varied significantly between the 
accessions and in response to the different Zn deficiency treatments (Figure 2 A and B; 
Table S5). In both Zn deficiency treatments most of the accessions showed reduced SDW 
when compared to Zn sufficiency conditions, as would be expected, while few had a higher 
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Figure 1: Representative example of plants grown in hydroponic medium with sufficient Zn 
supply (2 µM ZnSO4) (A and C) or with insufficient Zn supply, either grown for 31 days in 
medium to which no Zn was added (0 µM ZnSO4; severe Zn deficiency treatment) (B); or 
grown for 41 days in medium to which 0.05 µM ZnSO4 was added (mild Zn deficiency) (D). 
Plants exposed to severe Zn deficiency show chlorosis, necrotic spots, stunted growth and 
curly leaves, while only some plants exposed to mild Zn deficiency show a slight chlorosis of 
the leaves. Accessions from left to right in rows from top to bottom: C24, Per-1, Tsu-0, Mc-0, 
Hau-0, Mt-0, Shah, Kas-2, Bor-4, Wag-3, Ors-1, Pa-2, Li-5:2, Ge-0, Can-0, Var 2-1, Ler-1, 
Cvi-0, Bur-0 and Col-0. Bars indicate 2 cm. 
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Figure 1: Representative example of plants grown in hydroponic mediu  ith sufficient 
Zn supply (2 µM ZnSO4) (A and C) or with insufficient Zn supply, either grown for 31 days 
in medium to which no Zn was added (severe Zn deficiency treatment) (B); or grown for 
41 days in medium to which 0.05 µM ZnSO4 was added (mild Zn deficiency) (D). Plants 
exposed to severe Zn defic ency show chlorosis, necrotic spots, stunted growth and urly 
leaves, while only some plants exposed to mild Zn deficiency show a slight chlorosis of the 
leaves. Accessions from left to right in rows from top to bottom: C24, Per-1, Tsu-0, Mc-0, 
Hau-0, Mt-0, Shah, Kas-2, Bor-4, Wag-3, Ors-1, Pa-2, Li-5:2, Ge-0, Can-0, Var 2-1, Ler-1, Cvi-
0, Bur-0 and Col-0. Bars indicate 2 cm.
SDW and apparently were not affected by the reduced Zn supply (Figure 3 A and B). The 
effect of the treatment was accession dependent for both SDW and Zn concentration 
under severe Zn deficiency and shoot Zn concentration under mild Zn deficiency (Table S5), 
indicating that A. thaliana accessions respond differently to the Zn deficiency treatments. 
Plants of the mild Zn deficiency experiment had a higher SDW than the plants of the 
severe Zn deficiency experiment, as they grew 10 days longer (Figure 2 A and B, Table S5).
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Figure 2: Shoot dry weight and Zn concentration measured in nineteen A. thaliana 
accessions grown hydroponically under Zn deficiency (represented in by grey filled circles) 
and Zn sufficiency or control (represented by black filled circles) conditions in the severe (A) 
and mild (B) Zn deficiency experiments. Average values and standard deviation are presented 
in Table S3. Significant differences between accessions and treatments are presented in Table 
S5. 
 
All accessions had a significant reduction in shoot Zn concentration, both in the severe and 
mild Zn deficiency treatment, in comparison to their respective Zn sufficiency controls (Table 
S5). Plants in the severe Zn deficiency treatment showed shoot Zn concentrations close to the 
minimum required by plants to grow, which is around 15-20 µg/g dry biomass (Marschner, 
1995) (Table S3). Plants exposed to mild Zn deficiency had shoot Zn concentrations 
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Figure 2: Shoot dry weight and Zn concentratio  measured in ninetee  A. thaliana 
accessions grown hydroponically under Zn deficiency (represented in by grey filled circles) 
and Zn sufficiency or control (represented by black filled circles) conditions in the severe (A) 
and mild (B) Zn deficiency experiments. Average values and standard errors are presented 
in Table S3. Significant differences between accessions and treatments are presented in 
Table S5.
All accessions had a significant reduction in shoot Zn concentration, both in the severe 
and mild Zn deficiency treatment, in comparison to their respective Zn sufficiency controls 
(Table S5). Plants in the severe Zn deficiency treatment showed shoot Zn concentrations 
close to the minimum required by plants to grow, which is around 15-20 µg/g dry 
biomass (Marschner, 1995) (Table S3). Pla ts expos d to mild Zn deficiency had hoot Zn 
concentrations approximately two times higher than those of plants exposed to severe Zn 
deficiency (Table S3). Shoot total Zn content was calculated based on the SDW and the 
Zn concentration. Accessions with a high shoot Zn concentration were not always among 
the accessions with a high shoot total Zn content, due to differences in SDW. Under mild 
Zn deficiency the accessions Tsu-0, Col-0 and Mt-0 showed the best overall performances 
in terms of having similar Zn concentrations to the other accessions and higher SDW 
across the Zn deficiency and sufficiency treatments used in this study. On the other 
hand, Pa-2, C24 and Li-5:2 had a poor performance under mild Zn deficiency (Figure 2).
Next to the absolute values, we also calculated the relative change in SDW and Zn 
concentration, by comparing plants exposed to severe and mild Zn deficiency to their 
respective Zn sufficiency treatments (Figure 3). Accessions showed significant variation for 
SDW and Zn concentration reduction in both Zn deficiency experiments (Table S4 and S7). 
The accessions Bor-4 and Hau-0 had an increase in SDW under severe Zn deficiency relative 
to the Zn sufficiency treatment (Figure 3 A). Bor-4 also showed an increase in SDW under 
mild Zn deficiency, as did Shah. In their respective Zn sufficiency treatments these three 
accessions were among the ones showing the lowest SDW. Pa-2, C24 and Li-5:2 showed the 
strongest relative change in SDW (Figure 3 B). This makes especially C24 one of the poorest 
accessions, being also one of the smallest accessions in the Zn sufficiency treatments. Pa-2 
showed the least change in shoot Zn concentration under both mild and severe Zn deficiency 
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Figure 3: Change in shoot dry weight (A and B); shoot Zn concentration (C and D); and 
shoot Zn total content (E and F) of the nineteen A. thaliana accessions grown under severe 
and mild Zn deficiency, relative to their respective Zn sufficiency treatments. Significant 
differences between accessions and treatments are presented in Tables S4 and S7. 
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Figure 3: Change in shoot dry weight (A and B); shoot Zn concentration (C and D); and 
shoot Zn total content (E and F) of the nineteen A. thaliana accessions grown under severe 
and mild Zn deficie cy, relative to their resp ctive Zn sufficiency treatments. Sig ificant 
differences between accessions and treatments are presented in Table S4 and S7.
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treatments relative to its respective Zn sufficiency treatments. This accession appears 
to have a poor ability to take up Zn both under Zn sufficiency and deficiency conditions 
which probably results in a limited capacity to grow in order to maintain its cellular Zn 
levels (Figure 3 C and D). On the other hand accessions like Tsu-0 and Mt-0 are able to 
maintain growth under Zn deficiency although their shoot Zn concentration is reduced.
Based on the SDW and Zn concentration measurements we calculated the ZnUI, which 
reflects the amount of biomass produced per unit of tissue Zn concentration (Siddiqi 
and Glass, 1981;Good et al., 2004). The accessions Mt-0 and Tsu-0 showed the highest 
ZnUI in both Zn deficiency treatments, while C24 and Pa-2 had the lowest values (Figure 
4A). We also observed variation in ZnUI between accessions grown under Zn sufficiency 
conditions (Figure 4B), but the range of ZnUI values in the Zn deficiency treatments 
was larger than in the Zn sufficiency treatments (Figure 4 and Table S3 and S6).
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Figure 4: Shoot Zn Usage Index (ZnUI) of plants grown hydroponically in the severe and 
mild Zn deficiency treatments (A) and their respective Zn sufficiency or control treatments 
(B). Significant differences between accessions and treatments are presented in Table S3 and 
S6. 
 
Accessions with contrasting phenotypes show differential Zn deficiency responsive gene 
expression 
 
From the twenty A. thaliana accessions we selected eight accessions with different ZnUI 
values in the mild Zn deficiency treatment to examine if natural variation for Zn deficiency 
tolerance is reflected in gene expression levels. We favoured mild over severe Zn deficiency 
as the variation for SDW was larger under mild than under severe Zn deficiency. In addition, 
mild Zn deficiencies will be more commonly found in nature than severe Zn deficiency. Can-
0, Per-1, Pa-2, and C24 had low ZnUI values and were considered more sensitive to Zn 
deficiency, while Tsu-0, Col-0, Ge-0, and Bur-0 had high ZnUI values and were considered  
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Figure 4: Shoot Zn Usage Index (ZnUI) of plants grown hydroponically in the severe and 
mild Zn deficiency treatments (A) and their respective Zn sufficiency or control treatments 
(B). Significant differences between accessions and treatments are presented in Table S3 
and S6.
3.2. Accessions with contrasting phenotypes show differential Zn deficiency responsive 
gene expression
From the twenty A. thaliana accessions we selected eight accessions with different 
ZnUI values in the mild Zn deficiency treatment to examine if natural variation for 
Zn deficiency tolerance is refle ted i  gene expression lev ls. We favoured mild over 
severe Zn deficiency as the variation for SDW was larger under mild than under severe 
Zn deficiency. In addition, mild Zn deficiencies will be more commonly found in nature 
than severe Zn deficiency. Can-0, Per-1, Pa-2, and C24 had low ZnUI values and were 
consid red m re sensitive to Zn deficiency, while Tsu-0, Col-0, Ge-0, and Bur-0 had high 
ZnUI values and were considered more tolerant to Zn deficiency (Table S3). Although not 
selected for it, these accessions, except Can-0, were also among the ones showing the 
lowest and highest ZnUI values in the severe Zn deficiency treatment (Figure 4, Table S3).
We det rmined the shoot expr ssio  of six genes involved in plant Zn deficiency and 
oxidative stress response. bZIP19, encodes one of the two redundant bZIP transcription 
factors which control Zn deficiency response in A. thaliana (Assunção et al., 2010). IRT3, ZIP4 
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Figure 5: Relative transcript abundance of bZIP19, ZIP3, ZIP4, IRT3, CSD2, and CA2 in 
eight A. thaliana accessions (Col-0, Tsu-0, Ge-0, Bur-0, Can-0, Per-1, Pa-2 and C24) grown 
under mild Zn deficiency (A, C, E, G, I and K) and severe Zn deficiency (B, D, F, H, J and L) 
and their respective Zn sufficiency or control treatments. Accessions are ranked from left 
to right according to decreasing ZnUI values as determined under mild Zn deficiency. The 
gene expression values are expressed relative to the gene expression values of Col-0 in 
each respective control treatment (severe and mild). Lower case letters denote statistically 
different groups when comparing the eight accessions using a two-way ANOVA with 
groupings by Tukey’s honestly significant difference (HSD) test using a 95% confidence 
interval, P values are shown in Table S5. Note that transcript abundance scales are 
different for the different genes. For ZIP3, ZIP4 and IRT3, log10-scales are used.
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and ZIP3 appear to be direct targets of bZIP19, all three encoding Zn transport proteins, and 
all transcriptionally induced upon Zn deficiency (Grotz et al., 1998;Lin et al., 2009;Assunção 
et al., 2010). CSD2 encodes a Cu/Zn superoxide dismutase which needs Zn as a structural 
component to function (Sharma et al., 2004) and CA2 encodes a carbonic anhydrase, which 
requires Zn as co-factor. CSD2 is needed for detoxification of superoxide radicals, while CA2 
facilitates the diffusion of CO
2
 through the liquid phase of the cell to the chloroplast, important 
for photosynthesis (Randall and Bouma, 1973;Li et al., 2013). Both CSD2 and CA2 are 
expected to decrease in expression upon Zn deficiency exposure (Ibarra-Laclette et al., 2013).
In the mild and severe Zn deficiency experiments there was a significant effect of treatment 
on the gene expression level for all the studied genes, except bZIP19 in the severe Zn 
deficiency treatment (Table S5). Only in the severe Zn deficiency treatment there was a 
significant difference in gene expression between accessions (Figure 5). Furthermore, the 
gene expression levels in response to the treatment were accession dependent (except 
for bZIP19) indicating that there is natural variation between A. thaliana accessions in 
their response to severe Zn deficiency stress at the gene expression level. Differences in 
gene expression between accessions under mild Zn deficiency stress were not significant.
The Zn deficiency responsive genes IRT3, ZIP4 and ZIP3 were strongly up-regulated in all 
accessions upon Zn deficiency in both treatments, confirming that plants sensed Zn deficiency 
in both the severe and the mild Zn deficiency treatments. The Zn deficiency tolerant accession, 
Tsu-0 had the strongest induction of these genes, while Per-1, which had a low ZnUI value, 
had the weakest induction of these genes under Zn deficiency (Figure 5). The expression of 
CSD2 was generally low under Zn deficiency, most in the mild deficiency treatment, which 
lasted longer (Figure 5 J). Expression of CA2 was also mainly down-regulated under mild 
Zn deficiency, while under severe Zn deficiency there were larger differences between the 
accessions, with strong up-regulation in the Zn deficiency tolerant accession Tsu-0 (Figure 5 L).
To further understand the relation between gene expression and Zn deficiency tolerance 
traits, we performed a correlation analysis (Figure 6). We found a negative correlation 
between shoot Zn concentration and the gene expression levels of ZIP3, and ZIP4 under 
mild Zn deficiency. However, we found a positive correlation between the expression levels 
of these genes and ZnUI and SDW. In addition, we found no correlation between Zn content 
and the expression levels of these genes. This suggests that these genes are not involved 
in the efficient uptake of Zn but in the efficient translocation and distribution of Zn under 
mild Zn deficiency conditions. In the severe Zn deficiency condition we found a positive 
correlation between ZIP4 and IRT3 expression levels with ZnUI. However, we found no 
correlation between expression levels of these genes and Zn concentration or SDW. This may 
indicate that under severe Zn deficiency these genes are able to increase the translocation 
and efficiency of Zn distribution, but this is not enough to significantly increase SDW 
because the amount of Zn available is already too low. Furthermore expression of bZIP19 
was highly correlated with expression of its target genes ZIP3, IRT3 and ZIP4 under mild Zn 
deficiency, and with expression of ZIP4 and IRT3, as well as CA2, under severe Zn deficiency.
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Figure 6: Pearson correlation coefficients between absolute gene expression levels and 
Zn deficiency related traits measured in eight A. thaliana accessions (Tsu-0, Col-0, Ge-0, 
Bur-0, Can-0, Per-1, Pa-2 and C24) grown under severe and mild Zn deficiency. Significant 
correlations are coloured in dark grey. ZnUI (Zn Usage Index); Shoot DW (dry weight); [Zn] 
(shoot Zn concentration); Zn Cont. (shoot total Zn content); SD (severe Zn deficiency) and 
MD (mild Zn deficiency).
3.3. Zn deficiency affects the ionome of A. thaliana accessions
The shoot ionome profile of the nineteen A. thaliana accessions was determined. Box 
plots of the combined results per element showed that there was substantial variation 
between treatments for almost all elements (Figure 7, Table S7). The Zn, Mg, Mo, Cu and 
Cd concentrations were significantly different between the Zn deficiency and sufficiency 
conditions in both mild and severe Zn deficiency experiments, while B, Na and Ca 
concentrations were only affected under mild Zn deficiency, and Mn and Fe concentrations 
only under severe Zn deficiency. When considering the Zn shoot concentration of all 
accessions we observed significant differences between severe and mild Zn deficiency 
conditions, but not between the two Zn sufficiency treatments (Figure 7, Table S7).
Broad sense heritability (H2) values were calculated to get an impression of the genetic 
contribution to the observed phenotypic variation between the studied accessions (Table 
1). Heritability values were generally higher when plants were grown for longer (mild 
Zn deficiency experiment) and when plants were exposed to the deficiency treatments 
compared to their Zn sufficiency treatments. The heritability for ZnUI was highest in 
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Figure 7: Box plots comparing element concentrations in shoots of nineteen A. thaliana 
accessions grown hydroponically under severe and mild Zn deficiency (-Zn) and their 
respective Zn sufficiency (+Zn) treatments. For each concentration the box represents the 
interquartile range (IQR), the bisecting line represents the median, the whiskers indicate 1.5 
times the IQR and the dots indicate outlier points. Lower case letters denote statistically 
different groups when comparing the four treatments using a one-way ANOVA with groupings 
by Tukey’s HSD test using a 95% confidence interval, p-values are shown in Table S7. For 
every treatment we used five plants of each accession, performing a total of 100 samples. 
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Figure 7: Box plots comparing element concentrations in shoots of nineteen A. thaliana 
accessions grown hydroponically under severe and mild Zn deficiency (-Zn) and their 
respective Zn sufficiency (+Zn) treatm n s. For each concentration the box repres nts the 
interquartile range (IQR), the bisecting line represents the median, the whiskers indicate 
1.5 times the IQR and the dots indicate outlier points. Lower case letters denote statistically 
different groups when comparing the four treatments using a one-way ANOVA with 
groupings by Tukey’  HSD test usin  a 95% confidence interval, p-v lues are shown in Table 
S7. For every treatment we used five plants of each accession.
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the mild Zn deficiency treatment, suggesting that under those conditions a large part of 
the observed variation is due to genetic differences between accessions. The lowest 
heritability was found for Fe concentration, in both Zn sufficiency conditions, which 
suggests that the concentration of this element is under tight genetic control, which allows 
only little opportunity for genetic variation between accessions. The highest heritability 
was found for Mo, with an extremely high value of 0.97 under mild Zn deficiency. This 
means that the concentration of this element is not much affected by environmental 
effects and is largely under genetic control. Heritability values for Zn concentrations and 
Zn content ranged from 0.41 to 0.65. Although lowest under the extreme treatment 
of severe Zn deficiency a large part of the observed variation is of genetic origin.
Traits (H2)
Mild
Zn sufficiency
Mild
Zn deficiency
Severe
Zn sufficiency
Severe
Zn deficiency
SFW 0.44 0.62 0.41 0.66
SDW 0.68 0.78 0.40 0.48
ZnUI 0.65 0.81 0.40 0.57
Shoot Zn Content 0.60 0.62 0.50 0.41
[Zn] 0.63 0.65 0.60 0.49
[Mn] 0.68 0.69 0.60 0.64
[Fe] 0.36 0.53 0.32 0.83
[Cu] 0.50 0.75 0.59 0.38
[Mo] 0.91 0.97 0.86 0.75
[Cd] 0.59 0.73 0.49 0.76
[B] 0.67 0.51 0.63 0.78
[Na] 0.48 0.37 0.55 0.60
[Mg] 0.59 0.71 0.55 0.46
[P] 0.62 0.71 0.44 0.72
[S] 0.45 0.59 0.53 0.58
[K] 0.51 0.65 0.46 0.48
[Ca] 0.72 0.69 0.42 0.52
Table 1: Broad sense heritability (H2) values for the traits measured in shoots of nineteen 
A. thaliana accessions grown hydroponically under Zn deficiency and sufficiency conditions 
of the severe (31 days of growth) and mild Zn deficiency (41 days of growth) experiments. 
Traits abbreviations: SFW - shoot fresh weight (g), SDW - shoot dry weight (mg); ZnUI - Zn 
Usage Index; Shoot Total Zn Content (µg) and [Zn] - Zn and other elements concentrations 
(ppm - µg.g-1 dry weight).
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3.4. Classification of the plant Zn deficiency state using multinomial logistic regression 
We designed a multinomial logistic regression (MLR) model, similar to the model 
described by Baxter et al. (2008b), to enable the classification of plant Zn deficiency 
status based on its ionomic profile. Normalized element concentrations were used in 
the MLR model for 11 elements which concentrations could be reliably measured (B, 
Mg, P, S, K, Ca, Mn, Fe, Cu, Zn and Mo). The severe and mild Zn deficiency treatments in 
the MLR model had their log-odds ratio with respect to the Zn sufficiency control group 
extracted. Hence, plants can either be in a Zn sufficiency, mild Zn deficient or severe Zn 
deficient state. These states have probabilities, p_Zn sufficiency, p_mild Zn deficiency 
and p_severe Zn deficiency, which are a function of the element concentrations. The 
prediction for the state of a new plant is defined as the category with the highest probability.
Table 2: Prediction performance values for each element used in a logistic regression model 
to predict plant state, distinguishing Zn sufficiency control plants and plants suffering from 
severe or mild Zn deficiency.
UNIVARIATE 
MODELS Average Zn Sufficiency
Severe
Zn Deficiency
Mild
Zn Deficiency
B 0.4804 0.914 0.002 0.0837
Mg 0.5442 0.901 0.364 0
P 0.5025 1 0 0
S 0.5005 0.993 0 0.0061
K 0.5005 0.991 0 0.0102
Ca 0.5427 0.949 0 0.2673
Mn 0.5467 0.882 0.412 0
Fe 0.5608 0.977 0.278 0
Cu 0.6276 0.877 0.716 0.0286
Zn 0.9744 0.996 0.92 0.9857
Mo 0.509 0.911 0.204 0
MULTIVARIATE 
MODELS Average Zn Sufficiency
Severe
Zn Deficiency
Mild
Zn Deficiency
All elements except 
Zn
0.7962 0.8738 0.7750 0.6596
All elements 0.9681 0.9921 0.9332 0.9549
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To assess each element’s ability to predict the plant status, we first fitted a univariate MLR 
model for each element. Subsequently we fitted a multivariate MLR model, including a 
LASSO penalty, which is a multiple of the absolute values of the regression coefficients. 
The level of penalization was chosen by 10-fold cross-validation. Hence, at the ‘outer’ 
level this procedure draws subsamples of the data to assess prediction performance, 
and cross-validation at the ‘inner’ level to choose the appropriate penalization. Finally, 
we also fitted a multivariate MLR model for the element concentrations excluding Zn.
Given the normalized element concentrations, the MLR models enabled the differentiation 
between plants facing severe Zn deficiency, mild Zn deficiency, and Zn sufficiency conditions. 
The univariate model (i.e. with a single element as only predictor) performed poorly for 
most elements, and often mistakenly identified plants under Zn deficiency as Zn sufficiency. 
Zn concentration, on the other hand, separates the three classes very well, with prediction 
accuracies ranging from 0.92 for the plants under severe Zn deficiency to 0.99 for the Zn 
sufficiency plants. This is expected, given that the Zn supply concentration varied. Cu has good 
prediction performance for severe Zn deficiency, while Ca is the only element (apart from 
Zn) that identified a substantial number of the plants under mild Zn deficiency (Table 2). Mg, 
Mn, Fe, and Mo performed only marginally well, having to some extent the ability to identify 
plants under severe or mild Zn deficiency. For the other elements (B, P, S, and K) the univariate 
model performs hardly better than a naïve classifier that would always predict Zn sufficiency.
A penalized multivariate model fitted on all elements, except Zn, performed much better: the 
accuracy for mild (0.6596) and severe Zn deficiency (0.7750) is far higher than with any element 
alone (again, except Zn), and the accuracy for the Zn sufficiency controls (0.8738) is still very 
good. The penalized multivariate model fitted on all elements (including Zn) and performed 
similar to the model with Zn alone, the latter having higher accuracy for the Zn sufficiency 
and mild Zn deficiency treatments and less on the severe Zn deficient plants (Table 2).
4. Discussion
Both the mild and the severe Zn deficiency treatments induced a response in the tested A. 
thaliana accessions, even though under mild Zn deficiency, hardly any visible symptoms could 
be observed. The response to both levels of Zn deficiency stress were comparable for most 
of the accessions, but the variation observed in the mild deficiency treatment appears to be 
more amenable to genetic analysis, with generally higher trait heritability values. The lower 
heritability values observed in plants grown under severe Zn deficiency may be a result of the 
stress severity. In this context the stress faced by the plants is beyond the genetic capacity of 
most accessions to still tolerate such low levels of Zn concentration. In addition, the severe 
Zn deficiency treatment we imposed will be very rarely encountered by A. thaliana in nature. 
This would explain why tolerance to such conditions will not have evolved in this species. 
Zn concentration in soils around the world where A. thaliana plants are found range from 
18 to 290 mg/Kg of Zn while Zn concentration in the leaves of A. thaliana plants grown in 
these regions can range from 43 to 254 mg/Kg of Zn (www.ionomicshub.org/ionomicsatlas).
We demonstrated that A. thaliana accessions may vary for the minimum Zn concentration 
required for optimal growth, which is likely to contribute to differences in Zn deficiency 
tolerance. Zn concentrations in rosettes of plants exposed to severe Zn deficiency approached 
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the minimum concentration of 15-20 ppm suggested by Marschner (1995) to be required for 
plants to grow. Although the plants were exposed to this extreme Zn deficiency treatment 
for a considerable length of time (31 days), there were still accessions that had not reached 
this minimum concentration (Table S3). However, based on the extensive chlorosis that 
nearly all accessions displayed, growth will have ceased at that time. Thus, it looks like there 
is variation between accessions for this minimum Zn concentration requirement. Similar 
findings were reported for other species, of which genotypes with different Zn deficiency 
tolerance levels had similar shoot Zn concentrations (Cakmak et al., 1998;Rengel, 2001;Genc 
et al., 2002;Hacisalihoglu et al., 2003;Wissuwa et al., 2006;Sadeghzadeh et al., 2009). Under 
mild Zn deficiency, only a few accessions had Zn concentrations around the suggested 
minimum, explaining why most did not show visible phenotypes, although growth had 
decreased compared to Zn sufficiency conditions. Such mild conditions appear to be much 
more suitable for use in genetic analysis of the Zn deficiency response in A. thaliana, as it 
is more likely to reveal genetic variation relevant to adaptation under natural conditions.
We measured Zn deficiency tolerance based on two parameters: (1) the relative change in 
SDW and Zn concentration between plants grown under Zn deficiency and Zn sufficiency 
conditions; and (2) the Zn Usage Index (ZnUI), which reflects the amount of biomass 
produced per unit of Zn concentration. The change in SDW and Zn concentration are 
attractive traits to monitor when aiming to optimise crop yield and Zn concentration under 
Zn deficiency conditions. Furthermore, plants responding with a small change in SDW and 
shoot Zn concentration to Zn deficiency are more likely to provide higher crop yields with 
higher shoot Zn concentrations under reduced Zn supply. On the other hand, the study of 
natural variation for ZnUI will specifically reveal the mechanisms involved in a higher Zn 
use efficiency, i.e. the ability to produce more biomass with less Zn. In support of this, ZnUI 
is preferably used in studies aiming to compare genotypes which do not show substantial 
differences in shoot Zn concentration, but show differences in biomass production 
under Zn deficiency (Siddiqi and Glass, 1981;Marschner, 1995;Cakmak et al., 1998;Good 
et al., 2004). Both parameters have been widely used by other authors for quantifying 
tolerance to Zn deficiency (Graham et al., 1992;Rengel and Graham, 1996;Cakmak et al., 
1998;Hacisalihoglu et al., 2004;Genc et al., 2006;Ghandilyan et al., 2012;Karim et al., 2012).
In this study we found that plants grown under Zn deficiency showed differences for the 
change in SDW and to a lower extent in shoot Zn concentration when compared to plants 
grown on sufficient Zn. These findings suggest that some of the variation in SDW may be due 
to differences in the Zn uptake capacity and in the minimal Zn concentration needed by each 
accession to maintain growth. As an example of this we also found that the accession Tsu-0 
had a similar Zn concentration as the other accessions, but a higher SDW across the four 
treatments studied, probably due to a higher ability of taking up Zn in comparison to the other 
accessions. On the other hand, accessions such as Pa-2, which had a strong decrease in SDW 
but a small decrease in shoot Zn concentration, may have a low Zn uptake capacity and has 
a limited biomass production in order to maintain the shoot Zn concentration. In addition, 
some of the accessions showed an increase in biomass production in response to the (mainly 
mild) Zn deficiency treatment, which provides further indication that accessions vary for the 
minimum Zn concentration required for growth. The ability to enhance the Zn uptake from soils 
is among the proposed mechanisms underlying plants increased tolerance to Zn deficiency 
(Rengel, 2001). Other factors which are suggested to be involved in a higher tolerance to Zn 
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deficiency are: the ability to increase bioavailability of Zn present in the soil, improved root 
system architecture which enables the scavenging of a larger soil volume, a more efficient 
utilization and compartmentalization of Zn within the plant and a higher resistance to ROS 
(Cakmak et al., 1996;Cakmak, 2000;Rengel, 2001;Gao et al., 2005;Genc et al., 2006;Hoffland 
et al., 2006;Wissuwa et al., 2006;Chen et al., 2009;Impa et al., 2013a;Impa et al., 2013b).
At the molecular level we observed differences between gene expression levels which may 
underlie variation in biomass production and Zn deficiency tolerance among the studied 
A. thaliana accessions. We found a positive correlation between ZIP3 and ZIP4 expression 
levels and the traits ZnUI and SDW in addition to a negative correlation between shoot Zn 
concentration and the expression levels of these genes under mild Zn deficiency. This suggests 
that in accessions more tolerant to Zn deficiency the higher expression of ZIP3 and ZIP4 may 
have resulted in a more efficient translocation and distribution of Zn in shoots under mild 
Zn deficiency. Under severe Zn deficiency we also found a positive correlation between ZIP4 
and IRT3 expression levels and ZnUI. However, we found no correlation between expression 
levels of these genes and Zn concentration or SDW. This may indicate that under severe Zn 
deficiency these genes are not able to increase Zn translocation because of the already low 
amount of Zn available for the plant to take up at the root level. In support for this hypothesis, 
Rengel (2001) suggests that when plants are exposed to very low Zn concentrations the 
capacity of Zn2+ replenishment at the root surface is lower than the capacity of cells to take up 
Zn2+ and processes involved in a higher ability to take up Zn become of secondary importance.
In addition to differences in the gene expression level, other factors may be responsible for 
the variation observed in the response to Zn deficiency between the studied accessions. 
Differences between the accessions for SDW and Zn concentration in shoots could reflect 
other processes involved in Zn deficiency tolerance such as a higher capacity of resisting 
oxidative stress and a better utilization of Zn (Rengel, 2001;Sinclair and Kramer, 2012). In 
line with this idea we found differences in the level of expression among accessions of the 
genes CA2 and CSD2. Both genes encode enzymes which need Zn as a structural component 
or as a co-factor (Sunkar et al., 2006;Ferreira et al., 2008) and showed in most cases low 
relative expression under Zn deficiency. This indicates that a Zn economy mechanism might 
operate in A. thaliana under Zn deficiency and as a result the expression and turn-over 
rate of CSD2 and CA2 is adjusted to the level of Zn available. Similarly, under Cu deficiency, 
Cu is relocated from CSD1 and CSD2 to supply the photosynthetic electron transport chain 
(Gayomba et al., 2013). In addition, Li et al. (2013) showed that in Sorghum bicolor plants 
exposed to Zn deficiency CA2 is preferred over CSD2 for Zn delivery upon Zn re-supply.
Based on the observed differences in the expression levels of the Zn deficiency responsive 
genes, SDW, shoot Zn content and Zn concentration, we propose two possible strategies 
on how different accessions may respond in the gene expression level to the severe and 
mild Zn deficiency treatments (Figure 8). We propose that under severe Zn deficiency, 
plants with contrasting expression levels of the Zn deficiency responsive genes have already 
induced their gene expression levels to a maximum. However, the replenishment of Zn2+ 
at the root surface under severe Zn deficiency will be lower than the capacity of root cells 
to take up Zn2+ and they are no longer able to take up sufficient Zn2+ from the medium to 
sustain growth and maintain the Zn cellular concentrations at a minimum level. Therefore, 
differences in growth between accessions under severe Zn deficiency are smaller and reflect 
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more differences in the minimum Zn concentration accessions require for growth and other 
processes involved in Zn deficiency tolerance. On the other hand, under mild Zn deficiency 
plants will still able to take up some Zn2+ from the media, at least enough to fulfil their 
minimum Zn requirements and continue growing. As a result, their Zn responsive genes 
expression levels are not yet at a maximum and not variable between accessions, while 
differences in biomass production between accessions are more pronounced in comparison 
to the severe Zn deficiency treatment, due to differences in the minimum Zn concentration 
required for growth between accessions. However, further experimentation at a detailed 
time scaling and using different levels of Zn supply will be needed to validate these strategies.
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Figure 8: Diagrams depicting two strategies of hypothetical Arabidopsis thaliana accessions 
in increasing their biomass after exposure to severe (A) or mild (B) Zn deficiency. Arrows 
represent differences in ZIP gene expression between the two hypothetical accessions with 
differences in the Zn uptake capacity and in the required minimum level of Zn to promote 
growth after exposure to Zn deficiency across a certain period of time. 
 
Besides affecting the Zn concentration in the shoot, we also found that exposure to Zn 
deficiency affected the concentrations of other elements. Fe and Mn concentrations have been 
found previously to vary in A. thaliana plants with variation in Zn supply (either deficiency or 
excess) (van de Mortel et al., 2006;Shanmugam et al., 2011;Gruber et al., 2013). Similar 
effects as for Zn deficiency are also described for Fe deficiency, e.g. Baxter et al. (2008b) 
demonstrated that the concentrations of Zn, Mn, Co, and Cd increased in A. thaliana plants 
grown under Fe deficiency when compared to sufficient Fe supply. This was attributed to the 
enhanced expression of IRT1 which encodes a transmembrane transporter up-regulated under 
Fe deficiency and able to transport not only Fe, but also Zn, Mn, Co, and Cd (Vert et al., 
2002). The increase in Fe, Mn, Co and Cd concentrations are thus likely to be due to the 
enhanced expression of transporters involved in Zn uptake, as we showed for IRT3, ZIP3 and 
ZIP4. Several of these transporters have the ability of transporting other elements besides Zn 
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Figure 8: Diagrams depicting two strategies of hypothetical Arabidopsis thaliana 
accessions in increasing their biomass after exposure to severe (A) or mild (B) Zn deficiency. 
Arrows present difference in ZIP gene expression between the two hypothetical 
accessions with differences in the Zn uptake capacity and in the required minimum level of 
Zn to promote growth after exposure to Zn deficiency across a certain period of time.
Besides affecting the Zn concentration in the shoot, we also found that exposure to Zn 
deficiency affected the concentrations of other elements. Fe and Mn concentrations have 
been found previously to vary in A. thaliana plants ith variation in Zn supply (either 
deficiency or excess) (van de Mortel et al., 2006;Shanmugam et al., 2011;Gruber et al., 
2013). Similar effects as for Zn deficiency are also described for Fe deficiency, e.g. Baxter 
et al. (2008b) demonstrated that the concentrations of Zn, Mn, Co, and Cd increased 
in A. thaliana plants grown under Fe deficiency when compared to sufficient Fe supply. 
This was attributed to the enhanced expression of IRT1 which encodes a transmembrane 
transporter up-regulated under Fe deficiency and able to transport not only Fe, but also 
Zn, Mn, Co, and Cd (Vert et al., 2002). The increase in Fe, Mn, Co and Cd concentrations 
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are thus likely to be due to the enhanced expression of genes encoding transporters 
involved in Zn uptake, as we showed for IRT3, ZIP3 and ZIP4. Several of these transporters 
have the ability of transporting other elements besides Zn and likewise for several other 
members of the A. thaliana Zinc-Regulated Transporter, Iron Regulated Transporter (ZRT-
IRT)-like family of proteins (Eide et al., 1996;Grotz et al., 1998;Connolly, 2002;Wintz et al., 
2003;Lin et al., 2009;Milner et al., 2013;Shanmugam et al., 2013). The same appears to 
be the case for other types of transporters involved in mineral sequestration and tissue 
distribution. The increase in the concentration of minerals other than Zn upon Zn deficiency 
is not restricted to A. thaliana, but has been described for other plant species (Cakmak 
et al., 1996;Rengel and Graham, 1996;Wu et al., 2007). In addition, we hypothesized that 
the increased concentrations of other elements under severe Zn deficiency may have 
attenuated the oxidative stress response, explaining the stronger visual symptoms of 
chlorosis and necrotic spots in leaves of the severe Zn deficiency stressed plants. Cakmak 
(2000) previously described a relation between the increase in Fe concentration under 
Zn deficiency and its effect on the development of oxidative stress symptoms due to the 
elevated formation of reactive oxygen species (ROS) by increasing replacement of Zn2+ by Fe2+.
The variation for heritability values observed between element concentrations indicates 
that elements have different degrees of genetic variation and dependence on environmental 
factors (Richard et al., 2011). In this study the low heritability values observed for Fe 
concentration under Zn sufficiency conditions reflect the smaller variation for Fe concentration 
observed among genotypes when grown under optimal Zn conditions. Low heritability 
values for Fe concentration in plants grown under Zn sufficiency conditions were also found 
by Ghandilyan et al. (2009) when studying an A. thaliana RIL population (An-1 x Ler) and by 
Baxter et al. (2012) in a set of 96 A. thaliana accessions. Other studies have also observed a 
large variation in heritability values for element concentrations, which reflects the genetic 
heterogeneity of A. thaliana accessions (Baxter et al., 2008a;Ghandilyan et al., 2009;Richard 
et al., 2011;Baxter et al., 2012;Kiani et al., 2012). This indicates that determining element 
concentrations for different genotypes will be more informative for unravelling the genetic 
basis of mineral homeostasis than measuring highly derived traits, such as SFW or SDW.
Finally, monitoring specific changes in the shoot ionome of A. thaliana accessions 
grown under different levels of Zn nutrition enabled us to build a MLR model capable of 
differentiating the physiological status of genotypes exposed to Zn deficiency based on 
the concentration of other elements. Nevertheless, we demonstrated that the prediction 
accuracy in the MLR model increased by including Zn concentrations in the model. This is 
different from what was reported by Baxter et al. (2008b), who used a similar approach 
to estimate the physiological status of A. thaliana plants when plants are exposed to Fe 
or P (phosphorus) deficiency. Similarly to our results Baxter et al. (2008b) observed 
differences in P concentration between the P deficiency and sufficiency treatments. 
However, when P concentrations were included in their model, the accuracy decreased, 
opposite to what we found when including Zn concentrations. This could be because 
we included two different Zn deficiency treatments and thus incorporated more data 
points, while only one deficiency treatment was used in the P deficiency study (Baxter et 
al., 2008b). Also important was that Zn concentrations in shoots of plants grown under 
severe and mild Zn deficiency were significantly different, next to being extremely low.
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5. Conclusion
Zn deficiency has a strong effect on the growth, ionome and gene expression level of Zn 
deficiency responsive genes in A. thaliana. This effect is not the same for the twenty tested 
A. thaliana accessions, indicating the presence of natural genetic variation in the examined 
traits. The ZnUI and the change in SDW and Zn concentration are good predictors for Zn 
deficiency tolerance. Phenotypic differences among plants exposed to severe and mild Zn 
deficiency reflect an increase in shoot Fe and Mn concentration, which is most apparent 
under severe Zn deficiency. Furthermore, the shoot ionome profile can be used as a 
predictor for the plant Zn deficiency status based on changes in the concentration of other 
elements than Zn. Finally, the combined analyses of shoot gene expression level, ZnUI and 
SDW indicate that accessions vary in the minimum Zn concentration required for growth. In 
addition, these analyzes indicated that accessions more tolerant to Zn deficiency have a better 
ability of translocating and distributing Zn in the shoot and a higher resistance to oxidative 
stress. These parameters are useful as a proxy to evaluate plants tolerance to Zn deficiency.
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Supplemental data
Table S1: Detailed information of the twenty A. thaliana accessions used in this study. * 
Represents mis-identified accessions and their original location might not be correct, see 
(Anastasio et al., 2011).
ABRC new
Stock Number
ABRC old
Stock number
Native Name Origin Latitude Longitude
CS28343 CS6734 Hau-0 Denmark 55.67 12.56
CS28457 CS6909 Li-5:2 Germany 50.38 8.06
CS28490 CS1362 Mc-0 UK 54.61 -2.30
CS28595 CS6826 Pa-2 Italy 38.07 13.22
CS28780 CS6874 Tsu-0 Japan 34.43 136.31
CS28808 CS22542 Wag-3 The Netherlands 51.96 5.61
CS28848 CS22672 Ors-1 Romania 44.72 22.39
CS76100 CS22591 Bor-4 Czech Republic 49.40 16.23
CS76105 CS22656 Bur-0 Ireland 54.10 -6.20
CS76106 CS22620 C24 Portugal 41.25 -8.42
CS76109 N1065 Can-0 Spain 29.21 -13.48
*CS76113 CS22625 Col-0 unknown - -
CS76116 CS22614 Cvi-0 Cape Verde Islands 15.11 -23.61
CS76135 N1187 Ge-0 Switzerland 46.50 6.08
CS76150 CS6751 Kas-2 Kashmir 35.00 77.00
*CS76164 CS22618 Ler-1 Poland 52.73 15.23
CS76192 CS22642 Mt-0 Libya 32.34 22.46
CS76210 N1445 Per-1 Russia 58.00 56.31
CS76227 CS22652 Shah Tajikistan 38.35 68.48
CS76298 CS22580 Var 2-1 Sweden 56.14 15.78
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Table S2: Sequences of oligonucleotides used as primers for the qRT-PCR.
Gene Primer Orientation Primer Sequence (5’ – 3’)
bZIP19
Forward
CGTGCTTCCATGTCCACACC
Reverse
CCCGGTTTCCCAAAGGTCTC
ZIP3
Forward
CTCCTTCTCATCGCCGTCGT
Reverse
CGAGCTCCGGCTTTGTTTTC
ZIP4
Forward
GGCTGCATCTCTCAGGCACA
Reverse
GGCCACTGCAGTTCCAATCC
CA2
Forward
GCCAAAGGTCAAAGCCCAAA
Reverse
CGAAGGCATCTCCAGGATGG
CSD2
Forward
ATGGCGTGGCAGAAACAACA
Reverse
CACCCTTTCCGAGGTCATCC
PEX4
Forward
ATCCTGAGCCGGACAGTCCTC
Reverse
CATAGCGGCGAGGCGTGTAT
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Table S5: Results of the two-way ANOVA analysis performed for shoot dry weight (SDW), 
shoot Zn concentration ([Zn]), shoot Zn content, Zn Usage Index (ZnUI) and gene expression 
ΔCT values to test for significant differences between treatments, accessions and the 
interaction between treatments and accessions. Analyses were performed separately for 
the severe and mild Zn deficiency experiments, with a cut-off for significance of p < 0.05.
Trait Treatment Accession Treatment * Accession
SDW Severe F
1,1
 = 69.00, P = 0.000 F
1,18
 = 3.13, P = 0.000 F
1,18
 = 2.134, P = 0.006
SDW Mild F
1,1
 = 22.705, P = 0.000 F
1,18 
= 20.28, P = 0.000 F
1,18
 = 1.581, P = 0.067
Shoot [Zn] Severe F
1,1
 = 4003.63, P = 0.000 F
1,18
 = 4.97, P = 0.000 F
1,18
 = 5.93, P = 0.000
Shoot [Zn] Mild F
1,1
 = 5327.86, P = 0.006 F
1,18
 = 9.58, P = 0.000 F
1,18
 = 4.92, P = 0.000
Shoot Zn content Severe F
1,1
 = 2373.15, P = 0.000 F
1,18
 = 2.79, P = 0.000 F
1,18
 = 3.59, P = 0.000
Shoot Zn content Mild F
1,1
 = 1039.77, P = 0.000 F
1,18
 = 10.44, P = 0.000 F
1,18
 = 1.43, P = 0.121
ZnUI Severe F
1,1
 = 1375.89, P = 0.000 F
1,18
 = 5.51, P = 0.000 F
1,18
 = 4.09, P = 0.000
ZnUI Mild F
1,1
 = 833.80, P = 0.000 F
1,18
 = 15.56, P = 0.000 F
1,18
 = 5.27, P = 0.000
bZIP19 Severe F
1,1
 = 1.369, P = 0.251 F
1,7
 = 3.455, P = 0.007 F
1,7
 = 0.619, P = 0.736
bZIP19 Mild F
1,1
 = 4.766, P = 0.036 F
1,7
 = 1.425, P = 0.230 F
1,7
 = 0.53, P = 0.805
ZIP3 Severe F
1,1
 = 119.062, P = 0.000 F
1,7
 = 13.02, P = 0.000 F
1,7
 = 9.08, P = 0.000
ZIP3 Mild F
1,1
 = 4.192, P = 0.049 F
1,7
 = 1.78, P = 0.125 F
1,7
 = 1.14, P = 0.362
ZIP4 Severe F
1,1
 = 19.591, P = 0.000 F
1,7
 = 3.076, P = 0.014 F
1,7
 = 3.102, P = 0.013
ZIP4 Mild F
1,1
 = 40.244, P = 0.000 F
1,7
 = 0.83, P = 0.570 F
1,7
 = 0.914, P = 0.508
IRT3 Severe F
1,1
 = 31.697, P = 0.000 F
1,7
 = 2.686, P = 0.026 F
1,7
 = 2.72, P = 0.025
IRT3 Mild F
1,1
 = 57.892, P = 0.000 F
1,7
 = 1.456, P = 0.218 F
1,7
 = 1.77, P = 0.127
CSD2 Severe F
1,1
 = 23.004, P = 0.000 F
1,1
 = 8.182, P = 0.000 F
1,7
 = 2.574, P = 0.032
CSD2 Mild F
1,1
 = 20.882, P = 0.000 F
1,7
 = 2.311, P = 0.050 F
1,7
 = 1.755, P = 0.131
CA2 Severe F
1,1
 = 7.65, P = 0.009 F
1,7
 = 9.19, P = 0.000 F
1,7
 = 11.584, P = 0.000
CA2 Mild F
1,1
 = 15.62, P = 0.000 F
1,7
 = 0.702, P = 0.670 F
1,7
 = 0.343, P = 0.928
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Table S6: Results of the one-way ANOVA analysis performed for change in shoot dry weight 
(SDW),change in shoot Zn concentration (shoot [Zn]) and change in shoot Zn content to 
test for significant differences between accessions. Analyses were performed separately for 
the severe and mild Zn deficiency experiments, with a cut-off for significance of p < 0.05.
Trait Accession
Change in SDW Severe F
1,18
 = 6.85, P = 0.000
Change in SDW Mild F
1,18
 = 5.93, P = 0.000
Change in shoot [Zn] Severe F
1,18
 = 5.37, P = 0.000
Change in shoot [Zn] Mild F
1,18
 = 11.94, P = 0.000
Change in shoot Zn content Severe F
1,18
 = 5.21, P = 0.000
Change in shoot Zn content Mild F
1,18
 = 3.19, P = 0.000
Trait Treatment Corrected p value
[B] F
1,3
 = 102.006, P = 0.000 0.000
[Na] F
1,3
 = 82.847, P = 0.000 0.000
[Mg] F
1,3
 = 45.812, P = 0.000 0.000
[P] F
1,3
 = 7.900, P = 0.000 0.000
[S] F
1,3
 = 3.162, P = 0.025 0.027
[K] F
1,3
 = 2.197, P = 0.088 1.144
[Ca] F
1,3
 = 15.051, P = 0.000 0.000
[Mn] F
1,3
 = 26.204, P = 0.000 0.000
[Fe] F
1,3
 = 26.864, P = 0.000 0.000
[Cu] F
1,3
 = 85.381, P = 0.000 0.000
[Zn] F
1,3
 = 1405.262, P = 0.000 0.000
[Mo] F
1,3
 = 26.660, P = 0.000 0.000
[Cd] F
1,3
 = 838.736, P = 0.000 0.000
Table S7: Results of the one-way ANOVA analysis performed for log10-transformed values 
of shoot elements concentration to test for significant differences between treatments 
(Severe Control, Severe Zn deficiency, Mild Control and Mild Zn Deficiency). A Benjamini-
Hochberg multiple comparisons correction was performed and the corrected p values are 
shown. A cut-off for significance of p < 0.05 was used.
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3. Natural variation in root morphology and ionome in response to Zn 
deficiency in Arabidopsis thaliana
Ana Carolina A. L. Campos, John Danku, David E. Salt, Mark G. M. Aarts
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Abstract
Zn deficiency is a widespread problem in soils around the world leading to agricultural losses 
and the production of plant products with low Zn content. The study of natural variation 
of plants in their response to low Zn enables the identification of processes controlling Zn 
homeostasis and genotypes showing higher tolerance to Zn deficiency. In this study root system 
architecture and ionome were characterized in a set of twenty diverse Arabidopsis thaliana 
accessions exposed to different levels of Zn deficiency. Plants were grown hydroponically and 
on agar plates. The traits analysed were: root biomass, root total length, root surface area, 
root average diameter, number of lateral roots and element concentrations. Accessions had 
large natural variation in root growth and morphological traits, both under Zn sufficiency 
and Zn deficiency, demonstrating the genetic control of plasticity in these environmental 
conditions. Our results indicate that variation in Zn deficiency tolerance between accessions 
at the root level may result from differences in root morphology, Zn uptake capacity and 
in the minimum Zn concentration required for growth. Zn deficiency caused a reduction 
in root growth mainly reflected in changes in root total length (RTL), number of lateral 
roots (NLR), and root Zn concentration. Roots from plants grown on agar plates were 
more affected by the Zn deficiency treatment when it was applied at early developmental 
stages. Zn deficiency also induced important changes in the root ionome, reinforced by the 
observed correlation between root traits and element concentrations under Zn deficiency. 
Based on the correlations between root traits of plants grown hydroponically and on agar 
plates we observed that the cultivation system has a significant effect on root growth and 
morphology in response to Zn deficiency, but show similar results under Zn sufficiency 
conditions. Finally, we were able to identify accessions with contrasting tolerance to Zn 
deficiency at the root level which is a valuable starting material for future genetic studies.
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1. Introduction
Plants are sessile organisms and have to adapt to the conditions in their surrounding 
environment in order to ensure their performance and growth. The root has an essential 
role in nutrients and water acquisition and also in providing support for the shoot 
growth. Additionally, it can store photoassimilates, synthesize phytohormones and be 
used for clonal propagation (Osmont et al., 2007). Thus, the ability of plants to alter traits 
related to root growth and morphology is very important to assure their access to vital 
resources, such as nutrients and water (Marschner, 1995;Osmont et al., 2007;Potters 
et al., 2007;Péret et al., 2009). Root system architecture represents the arrangement of 
roots in the soil with its branches of different ages and orders (Malamy and Ryan, 2001).
The fundamental morphology of roots is determined by genetic factors, but it can be 
modified by environmental factors such as nutrient availability in the soil (López-Bucio 
et al., 2003;Hodge et al., 2009;Gruber et al., 2013). Variation in nutrient concentrations 
or availability is known to affect root system architecture (Forde and Lorenzo, 2001). 
For instance, phosphorous shortage induces the formation of shallower roots which 
favours the exploitation of phosphorous in the top soil layer where it is more available 
(López-Bucio et al., 2003). When facing nutrient deficiency or excess, plants will not 
only change their root architecture, but also alter their internal elemental homeostasis 
to achieve a nutritional equilibrium (Lequeux et al., 2010;Jain et al., 2013). Plant 
phytohormones, such as auxins and cytokinins are also important in shaping the 
root system architecture (Aloni et al., 2006;Jones and Ljung, 2012;Sofo et al., 2013).
Extensive diversity for several traits including root system architecture have been 
identified by studying natural genetic variation among wild-collected Arabidopsis thaliana 
accessions (Mouchel et al., 2004;Alonso-Blanco et al., 2009;Pacheco-Villalobos and 
Hardtke, 2012). Intra-specific genetic variation for root developmental plasticity has also 
been described for other plants species, including Hordeum vulgare (barley), Brassica 
napus and Medicago trunculata (Genc et al., 2007;Schultz et al., 2010;Shi et al., 2013). The 
understanding of plants responses to low Zn and the natural variation of traits involved 
in tolerance to Zn deficiency is of paramount importance to reduce the impact of Zn 
deficiency on crop yield and nutritional quality. Zn deficiency affects approximately 30% 
of the agricultural soils worldwide (Marschner, 1995). Zinc is usually an insoluble nutrient 
in soils, mainly because of its adsorption onto clays, CaCO
3
 and organic matter in alkaline 
soils with high pH (Marschner, 1995). Thus, Zn deficient soils cause a widespread problem 
around the world, leading to both substantial agronomic losses and human malnutrition 
due to the low Zn content of staple foods, such as rice and wheat (Cakmak, 2007).
In this study we focused on the effect of Zn deficiency on root system architecture traits and 
changes in the root ionome (elemental composition of the root) using twenty diverse A. 
thaliana accessions. We describe the changes in root system architecture and root element 
concentrations of plants grown either hydroponically or on agar plates, under Zn sufficient 
and deficient conditions. Large natural variation was observed for all root traits analysed 
and A. thaliana accessions with contrasting tolerance to Zn deficiency at the root level were 
identified. Furthermore we demonstrate that differences in root morphology, Zn uptake 
capacity and minimum Zn concentration required for growth determine Zn deficiency tolerance.
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2. Material and methods
2.1. Plant material and hydroponic growth
A set of twenty Arabidopsis thaliana accessions (Table 1) was grown as described in 
Chapter 2. Images from the roots of plants grown under severe Zn deficiency and 
sufficiency conditions were acquired with a scanner (Epson/Expression/STD 1600 
scanner). The resulting grey-scale images were analyzed with the WinRhizo software 
Arabidopsis 2009c for root total length (RTL), root surface area (RSA), and root average 
diameter (RAD). We also measured root dry weight (RDW). In order to evaluate 
the effect of the Zn deficiency treatment on the different A. thaliana accessions we 
calculated the relative change in the root traits according to the following formula:
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Table 1: Detailed information of the twenty A. thaliana accessions used in this study. * 
Represents mis-identified accessions and their original location might not be correct, see 
reference (Anastasio et al., 2011). 
ABRC new 
Stock Number 
ABRC old 
Stock number 
Native 
Name Origin Latitude Longitude 
CS28343 CS6734 Hau-0 Denmark 55.67 12.56 
CS28457 CS6909 Li-5:2 Germany 50.38 8.06 
CS28490 CS1362 Mc-0 UK 54.61 -2.30 
CS28595 CS6826 Pa-2 Italy 38.07 13.22 
CS28780 CS6874 Tsu-0 Japan 34.43 136.31 
CS28808 CS22542 Wag-3 The Netherlands 51.96 5.61 
CS28848 CS22672 Ors-1 Romania 44.72 22.39 
CS76100 CS22591 Bor-4 Czech Republic 49.40 16.23 
CS76105 CS22656 Bur-0 Ireland 54.10 -6.20 
CS76106 CS22620 C24 Portugal 41.25 -8.42 
CS76109 N1065 Can-0 Spain 29.21 -13.48 
*CS76113 CS22625 Col-0 unknown - - 
CS76116 CS22614 Cvi-0 Cape Verde Islands 15.11 -23.61 
CS76135 N1187 Ge-0 Switzerland 46.50 6.08 
CS76150 CS6751 Kas-2 Kashmir 35.00 77.00 
*CS76164 CS22618 Ler-1 Poland 52.73 15.23 
CS76192 CS22642 Mt-0 Libya 32.34 22.46 
2.2. Agar plate growth
The same set of twenty A. thaliana accessions (Table 1) was also grown using agar plates. 
Seeds were surface-sterilized with chlorine vapor-phase seed sterilization and sown 
in square agar plates (120 x 120 x 17 mm) (Greiner Bio-One®) containing 40 mL of half 
strength MS medium including vitamins (Duchefa Biochemie®) supplem nted with 5 g.L-1 of 
sucrose, 8 g.L-1 of agar and 17 µM ZnSO
4
 (Zn sufficiency) and no Zn added (Zn deficiency) and 
adjusted to pH 5.8 using KOH. After sowing, seeds received a 4-day stratification treatment 
at 4 °C in the dark, to promote uniform germination. Plates were placed vertically in a 
climate-controlled chamber set at 50% relative humidity, with a 16 h day (120 µmol photons 
m-2.s-1), and a constant temperature of 24 °C for 16 days. Four treatments were used: 
plants were grown in medium with sufficient Zn for 1 week and subsequently transferred to 
medium with (1) sufficient Zn or (2) Zn deficiency; and plants were grown in medium with Zn 
deficiency and subsequently transferred to medium with (3) sufficient Zn or (4) Zn deficiency. 
Images from the roots were acquired with a scanner (Epson/Expression/STD 1600 scanner). 
The resulting grey-scale images were analyzed with the WinRhizo software Arabidopsis 
2009c for RTL, RSA, RAD, and number of lateral roots (NLR). In order to evaluate the effect 
of the Zn deficiency treatment on the different A. th liana accessions we calculated the 
relative change in the root traits measured. We also measured shoot dry weight (SDW).
2.3. Tissue elemental analysis
The root ionome profile was determined in plants grown hydroponically under 
severe and mild Zn deficiency and sufficiency conditions, as described in chapter 2.
2.4. Statistical analysis
For all root system architecture traits and Zn concentration we performed a two-way 
ANOVA analysis to test for significant differences between treatments, accessions and the 
interaction between treatments and accessions. To test for significant differences between 
accessions for change in RDW, Zn concentration, RTL, RSA and RAD we performed a one-way 
ANOVA test. We also performed a one-way ANOVA to test for significant differences between 
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ABRC new
Stock 
Number
ABRC old
Stock 
number
Native 
Name Origin Latitude Longitude
CS28343 CS6734 Hau-0 Denmark 55.67 12.56
CS28457 CS6909 Li-5:2 Germany 50.38 8.06
CS28490 CS1362 Mc-0 UK 54.61 -2.30
CS28595 CS6826 Pa-2 Italy 38.07 13.22
CS28780 CS6874 Tsu-0 Japan 34.43 136.31
CS28808 CS22542 Wag-3 The Netherlands 51.96 5.61
CS28848 CS22672 Ors-1 Romania 44.72 22.39
CS76100 CS22591 Bor-4 Czech Republic 49.40 16.23
CS76105 CS22656 Bur-0 Ireland 54.10 -6.20
CS76106 CS22620 C24 Portugal 41.25 -8.42
CS76109 N1065 Can-0 Spain 29.21 -13.48
*CS76113 CS22625 Col-0 unknown - -
CS76116 CS22614 Cvi-0 Cape Verde Islands 15.11 -23.61
CS76135 N1187 Ge-0 Switzerland 46.50 6.08
CS76150 CS6751 Kas-2 Kashmir 35.00 77.00
*CS76164 CS22618 Ler-1 Poland 52.73 15.23
CS76192 CS22642 Mt-0 Libya 32.34 22.46
CS76210 N1445 Per-1 Russia 58.00 56.31
CS76227 CS22652 Shah Tadjikistan 38.35 68.48
CS76298 CS22580 Var 2-1 Sweden 56.14 15.78
Table 1: Detailed information of the twenty A. thaliana accessions used in this study. * 
Represents mis-identified accessions and their original location might not be correct, see 
reference (Anastasio et al., 2011).
the four treatments applied in this study for each element concentration. For element 
concentrations, the values were log10 transformed and we performed a Benjamini-Hochberg 
multiple comparisons correction of the p-values. If significant differences were observed we 
performed a Tukey’s HSD post-hoc test with a cut-off level of significance lower than 0.05.
Pearson correlation coefficients were calculated for the root elements concentration 
and root system architecture traits based on line averages. The analysis was performed 
for the treatments used separately. A two-tailed test of significance was performed 
and a p-value of 0.05 was used as cut-off. We also calculated broad-sense heritability 
values for all traits studied as the ratio between estimated Genetic Variance and 
Total Phenotypic Variance (= Genetic Variance + Environmental Variance). Finally we 
did a principal component analysis (PCA) using root elements concentration of the 
twenty A. thaliana accessions grown hydroponically for each treatment separately.
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3. Results
3.1. Root system architecture traits change in hydroponically grown plants
Root dry weight (RDW), root total length (RTL) and surface area (RSA) were significantly 
reduced in response to the severe Zn deficiency treatment, while root average diameter 
(RAD) was slightly higher (Figure 1A), but not significantly different between the treatments 
(Table S1 and S2). Significant difference was observed between accessions for all the 
analyzed traits and the effect of the Zn deficiency treatment was accession dependent 
(Table S2 and S4). Zn deficiency tolerance was measured based on the relative change in 
root traits. Accessions showed large variation in the capacity of growing roots when facing 
Zn deficiency in comparison to Zn sufficient conditions (Figure 1, Table S3 and S4). The 
accessions Can-0, Cvi-0, Pa-2 and Var 2-1 had a decrease in root biomass close to zero. Pa-2 
also showed a decrease in RTL close to zero under severe Zn deficiency, while Can-0, Cvi-0 
and Var 2-1 had their RTL decreased by about 30%. This result may reflect the reduction 
in the number of lateral roots in the accessions Can-0, Cvi-0 and Var 2-1 when exposed 
to severe Zn deficiency. Furthermore, it indicates that Pa-2 may have a better ability to 
maintain the formation of lateral roots, shown by its very low decrease in RTL and increase 
in RSA in comparison to the other accessions under severe Zn deficiency conditions.
The accessions Ge-0, Ors-1, Per-1, Tsu-0 and Wag-3 were more sensitive to Zn deficiency at 
the root level and had a decrease in root biomass of above 40% in response to the severe 
Zn deficiency treatment (Figure 1). Tsu-0 and Ge-0 were among the accessions with highest 
root biomass production under Zn sufficiency conditions which contributed to the strong 
decrease in RDW observed for these accessions under Zn deficiency (Figure 1F). Ge-0 and 
Ors-1 were also among the accessions with a strong decrease in RTL. The traits RTL and RSA 
were highly correlated (Figure 3), indicating that accessions with longer roots also had a 
larger surface area. The variation observed between accessions for these traits may reflect 
their ability to grow lateral roots. Surprisingly, no accession showed natural variation for RAD 
when grown hydroponically under Zn deficiency or sufficiency conditions (Table S1 and S2).
3.2. Changes in root system architecture related traits in response to plants adaptation to 
Zn deficiency (agar plates)
Based on the previous results obtained from plants grown hydroponically we conducted 
a more detailed experiment using agar plates to examine the effect of Zn deficiency on 
root growth and morphology at different developmental stages of the plant. A significant 
treatment effect was observed for all the analyzed traits, and the response to the treatments 
applied was accession dependent (Table S6). In addition, accessions displayed large natural 
variation for the root traits measured under all treatments. In general, RTL, RSA and NLR 
were reduced in all treatments in which Zn deficiency was applied in comparison to the Zn 
sufficiency condition (Figure 2 A). On the other hand, not much difference was observed 
between the treatments for RAD (Figure 2 A). However, in contrast to our previous results, 
obtained from plants grown hydroponically (Table S1), accessions had larger variation for 
RAD when grown under both sufficient and deficient Zn conditions on agar plates (Table S5).
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Figure 1: Average values for root dry weight (RDW – mg*1000), root total length (RTL – 
cm), root average diameter (RAD – mm *1000), and root surface area (RSA – cm2) of the 
twenty A. thaliana accessions grown hydroponically under severe Zn deficiency and 
sufficiency conditions (A). Relative change in RDW (B), RTL (C), RSA (D) and, RAD (E) 
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Figure 1: Average values for root dry weight (RDW – mg*1000), root to al length (RTL 
– cm), root average diameter (RAD – mm *1000), and root surface area (RSA – cm2) 
of the twenty A. thaliana accessions grown hydroponically under severe Zn deficiency 
and sufficiency conditions (A). Relative change in RDW (B), RTL (C), RSA (D) and, RAD (E) 
represented in perce tage. Overview of th  biomass production and Zn conce tration in 
roots of the twenty A. thaliana accessions grown under severe Zn deficiency and sufficiency 
(control) conditions (F).
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Figure 2: (A) Average values for different root traits: root total length (RTL in cm), root 
surface area (RSA in cm2), root average diameter (RAD in mm *100) and number of lateral 
roots measured in the 20 A. thaliana accessions grown on vertical agar plates for 16 days 
under different Zn deficiency (-Zn → -Zn, -Zn → +Zn, +Zn → -Zn) and Zn sufficiency or 
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Figure 2: (A) Average values for different root traits: root total length (RTL in cm), root 
surface area (RSA in cm2), root average diameter (RAD in mm *100) and number of lateral 
roots measured in the twenty A. thaliana accessions grown on vertical agar plates for 16 
days under different Zn deficiency (-Zn → -Zn, -Zn → +Zn, +Zn → -Zn)  Zn sufficiency or 
control (+Zn → +Zn) treatments. The Zn deficiency (-Zn → -Zn) and sufficiency (+Zn → +Zn) 
treatments were used to calculated the relative change in RTL (B), RSA (C), RAD (D) and 
NLR (E) when comparing the Zn deficiency treatment to the Zn sufficiency treatment.
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Correlations between hydroponically and agar grown plants 
 
To compare the two plant cultivation methods, we performed a correlation analysis using the 
average values of the studied root traits. Under Zn deficiency no traits were significantly 
correlated between the hydroponics and agar plates experiments (Figure 3A, Table S9), 
suggesting that the results from these experiments cannot be very well compared. However, 
under Zn sufficiency conditions many root traits were significantly correlated between the 
cultivation methods (Figure 3B, Table S9), which means it is not the cultivation medium itself 
that caused the difference between Zn deficient hydroponics and agar, but the response to Zn 
deficiency. 
 
 
 
Zn deficiency 
 
Zn sufficiency 
 
 
Figure 3: Correlation wheels showing significant correlations between root traits (root total 
length – RTL; root surface area – RSA; root average diameter – RAD; root dry weight – 
RDW and number of lateral roots – NLR of plants grown hydroponically (hyd) and on 
vertical agar plates (ap). Correlations were calculated based on the trait averages of 20 A. 
thaliana accessions and are presented for the Zn deficiency (A) and sufficiency (B) treatments 
separately. Positive correlations are represented by solid lines; negative correlations are 
represented by dashed lines. Thick lines indicate P < 0.01, thin lines indicate P <0.05. 
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indicate P < 0.05.
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Figure 4: Relative change in roots Zn concentration of the twenty A. thaliana accessions 
grown hydroponically under severe (A) and mild Zn deficiency (B) in comparison to their 
respective Zn sufficiency treatments. 
 
By exposing plants to Zn deficiency we expected that the concentration of other elements 
would also be affected. Thus, in our next step we obtained a general view of the variation in 
the root concentration of the several elements measured across the treatments by pooling all 
accessions and calculating average values for each element and treatment separately. As 
expected, it revealed that plants general mineral homeostasis machinery responds differently 
when plants are exposed to two levels of Zn deficiency. The concentrations of B, Na, Cu, and 
Mo were significantly different between the Zn deficiency and sufficiency treatments in both 
severe and mild Zn deficiency experiments (Figure 5). Mg, P, S, K, and Mn were significantly 
different between the Zn deficiency and sufficiency treatments exclusively in the mild Zn 
deficiency experiment. Fe and Zn were significantly different between the Zn deficiency and 
sufficiency treatments exclusively in the severe Zn deficiency experiment (Figure 4). We 
observed a strong difference in the concentrations of P, K and S between the Zn sufficiency 
treatments of the severe and mild Zn deficiency experiments. This result may reflect the age 
difference between the plants in these two experiments.  
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Figure 4: Relative change in roots Zn concentration of the twenty A. thaliana accessions 
grown hydroponically under severe (A) and mild Zn deficiency (B) in comparison to their 
respective Zn sufficiency treatments.
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By comparing the treatments in which Zn deficiency was applied in early or later developmental 
stages, we observed that most accessions had their root growth more reduced when exposed 
to Zn deficiency in an early stage rather than in a later stage (Table S5). In addition, roots 
of seedlings exposed to Zn deficiency from germination and at early developmental stages 
showed lower values for RTL, RSA, and NLR when compared to plants exposed later to Zn 
deficiency. Furthermore, in most cases trait values were lower in the Zn deficiency than in 
the Zn sufficiency treatment (Table S5). These results indicate that Zn plays an important role 
in processes occurring during seedling establishment and in the formation of lateral roots.
The relative change in root trait values was calculated based on the results from the treatments 
in which Zn deficiency and Zn sufficiency were applied from germination onwards, named 
here as Zn deficiency and Zn sufficiency treatment, respectively (Figure 2). The percentage 
of change in root trait values in plants grown on agar plates were much higher than the 
relative changes observed for plants grown hydroponically. The accessions Ors-1 and Pa-2 
showed higher tolerance to Zn deficiency in comparison to the other accessions, reflected 
in their low decrease in RTL in response to the Zn deficiency treatment. On the other hand, 
the accessions C24, Kas-2, Hau-0, Mc-0, Per-1 and Shah were more sensitive and had their 
RTL decreased by approximately 90% under Zn deficiency in comparison to Zn sufficient 
conditions (Figure 2 B). Similarly to their growth on hydroponics Pa-2 and Per-1 were also 
among the accessions showing the lowest and highest values, respectively, for relative change 
in RTL and RSA (Figure 1 and 2). Interestingly, Per-1 also had the highest RTL when grown 
under Zn sufficiency conditions both on agar plates and in hydroponics (Table S1 and S5).
Most accessions had the RAD increased in response to the Zn deficiency treatment both 
in plants grown hydroponically and on agar plates (Figure 1 and 2). Relative change in 
the NLR also varied substantially among the accessions. Li-5:2 had the least percentage 
of decrease in the NLR, while Cvi-0, Hau-0, Mc-0 and Var 2-1 showed a strong decrease 
in the NLR under Zn deficiency in comparison to Zn sufficiency conditions (Figure 2). 
These results support our hypothesis that genotypes differ in the ability of maintaining 
the formation of lateral roots when facing Zn deficiency which may be useful for 
further studies investigating the effect of Zn nutrition in the formation of lateral roots.
3.3. Correlations between hydroponically and agar grown plants
To compare the two plant cultivation methods, we performed a correlation analysis using the 
average values of the studied root traits. Under Zn deficiency no traits were significantly correlated 
between the hydroponics and agar plates experiments (Figure 3A, Table S9), suggesting 
that the results from these experiments cannot be very well compared. However, under Zn 
sufficiency conditions many root traits were significantly correlated between the cultivation 
methods (Figure 3B, Table S9), which means it is not the cultivation medium itself that caused 
the difference between Zn deficient hydroponics and agar, but the response to Zn deficiency.
3.4. Root elements analysis
Knowing about the large natural variation for root growth and morphology traits we 
decided to investigate the variation in root Zn concentration in plants grown hydroponically 
under severe (no Zn added) and mild (0.05µM ZnSO
4
) Zn deficiency and their respective 
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Zn sufficiency (2µM ZnSO
4
) treatments. When exposed to severe Zn deficiency, accessions 
had a significant reduction in the root Zn concentration relative to the Zn sufficiency 
treatment (Figure 4, Table S10). The accessions Pa-2 and Cvi-0 had the lowest percentage 
of decrease in root Zn concentration under severe Zn deficiency. These accessions also 
had very low Zn concentrations in comparison to the other accessions under Zn sufficiency 
conditions, which may explain the lower decrease in root Zn concentration observed. 
The other accessions showed a strong reduction in root Zn concentration of around 90%.
When exposed to mild Zn deficiency most accessions did not show a strong reduction in 
root Zn concentration, although we observed a significant treatment effect for root Zn 
concentration (Figure 4B, Table S4). Interestingly, the accessions Hau-0, Mc-0 and Mt-0, 
among others, had increased root Zn concentrations under mild Zn deficiency relative to 
the Zn sufficiency treatment (Figure 4B). On the other hand, Col-0, Bur-0 and Var2-1 had 
the strongest decrease in root Zn concentration under mild Zn deficiency relative to the Zn 
sufficiency treatment in comparison to the other accessions. Var2-1 also showed the highest 
Zn concentration in roots under both Zn sufficiency treatments from the severe and mild Zn 
deficiency experiments (Table S10). The accessions Mt-0 and Mc-0 had high to very high root 
Zn concentrations in the different treatments used in this study. These results indicate that 
the mild Zn deficiency treatment did not have a strong effect on the root Zn concentration 
of the plants grown hydroponically. Moreover, it suggests that accessions may differ for 
the optimal Zn concentration needed to maintain growth and in their Zn uptake capacity.
By exposing plants to Zn deficiency we expected that the concentration of other elements 
would also be affected. Thus, in our next step we obtained a general view of the variation in 
the root concentration of the several elements measured across the treatments by pooling 
all accessions and calculating average values for each element and treatment separately. 
As expected, it revealed that plants general mineral homeostasis machinery responds 
differently when plants are exposed to two levels of Zn deficiency. The concentrations of 
B, Na, Cu, and Mo were significantly different between the Zn deficiency and sufficiency 
treatments in both severe and mild Zn deficiency experiments (Figure 5). Mg, P, S, K, and 
Mn were significantly different between the Zn deficiency and sufficiency treatments 
exclusively in the mild Zn deficiency experiment. Fe and Zn were significantly different 
between the Zn deficiency and sufficiency treatments exclusively in the severe Zn deficiency 
experiment (Figure 4). We observed a strong difference in the concentrations of P, K and S 
between the Zn sufficiency treatments of the severe and mild Zn deficiency experiments. 
This result may reflect the age difference between the plants in these two experiments.
3.5. Correlation between root elements and principal component analysis
We calculated Pearson correlation coefficients for all measured elements in order to 
identify groups of elements which had similar changes in their homeostasis in response 
to the Zn deficiency treatments (Figure 6, Table S12). In all treatments mainly positive 
significant correlations were observed. Correlations among elements in roots appear to 
be highly variable between treatments. In the Zn sufficiency treatment of both severe and 
mild Zn deficiency experiments, Zn was positively correlated with Na, Mg, P, S and Ca in 
root (Figure 6 B and D). In the severe Zn deficiency treatment Zn was positively correlated 
with Mo, Cd, Na, Mg, P, S, K, Ca, Mn and Cu (Figure 6 A), while in the mild Zn deficiency 
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Figure 5: Box-plots comparing element concentrations in roots of the twenty A. thaliana 
accessions grown hydroponically under severe and mild Zn deficiency (-Zn) and their 
respective Zn sufficiency (+Zn) treatments. For each concentration the box represents the 
interquartile range (IQR), the bisecting line represents the median, the whiskers represent 1.5 
times the IQR and the dots represent outliers points. Lower case letters denote statistically 
different groups when comparing the four treatments using a one-way ANOVA with groupings 
by Tukey’s honestly significant difference (HSD) test using a 95% confidence interval, p-
values are shown in Table S11. For every treatment we used 5 plants of each accession 
presenting a total of 100 samples. 
 
Correlation between root elements and principal component analysis 
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Figure 5: Box-plots comparing element concentrations in roots of the twenty A. thaliana 
accessions grown hydroponically under severe and mild Zn deficiency (-Zn) and their 
respective Zn sufficiency (+Zn) treatments. For each con entration the box repres nts the 
interquartile range (IQR), the bisecting line represents the median, the whiskers represent 
1.5 times the IQR and the dots represent outliers points. Lower case letters denote 
statistically different groups when comparing the four treatments using a one-way ANOVA 
with groupings by Tukey’s honestly si nificant differ ce (HSD) test using a 95% confidence 
interval, p-values are shown in Table S11. For every treatment we used 5 plants of each 
accession.
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treatment Zn was positively correlated only with Mo, P and K (Figure 6 D). Previously we 
observed that Mo was among the elements which were significantly different between Zn 
deficiency and sufficiency conditions in both severe and mild Zn deficiency experiments 
(Figure 5). In the Zn sufficiency treatment of the severe Zn deficiency experiment 
Zn was positively correlated with Na, Mg, P and Ca, while in the control of the mild Zn 
deficiency experiment Zn was positively correlated with Mo, Na, Mg, P S, K, and Cu. 
Almost all these elements were also previously identified to have different concentrations 
when comparing the Zn sufficiency and deficiency treatments (Figure 5). Differences 
between the two Zn sufficiency treatments (for the severe and mild Zn deficiency 
experiments) may be due to the age difference between the plants in the two experiments.
Subsequently we determined correlations between the root ionome profiles and root 
growth and morphology traits measured in hydroponically-grown plants (Figure 7, Table 
S13). In general, only positive correlations were observed when considering the data 
from a single treatment. Under severe Zn deficiency we observed significant correlations 
between root growth and morphology traits and concentration of Na, Mg, P, S, K, Ca, Mn, 
Fe, Zn and Mo (Figure 7A), whereas under Zn sufficiency conditions, no correlations were 
found (Figure 7B). This suggests that the changes in root morphology are likely to be due 
to changes in the concentration of Zn and other elements. Under severe Zn deficiency 
most elements were significantly correlated with RTL and RSA; only Mo was positively 
correlated with RDW. Na, Fe, Zn and Mo were significantly correlated with RTL, RSA, and 
RDW and also showed significant differences in concentration between the Zn sufficiency 
and deficiency treatments (Figure 5). No significant correlation was observed between 
element concentrations and RAD in the severe Zn deficiency treatment (Figure 7A). 
A principal component analysis (PCA) was performed using all elements concentrations 
in each treatment separately, aiming to identify elements which could explain part of 
the natural variation observed among the 20 A. thaliana accessions for the root ionome. 
For most treatments the variation in element concentrations among the accessions 
was explained by three principal components (PCs) (Table S14). Unfortunately these 
results were not very instructive, as in all cases the first PC explained nearly all of 
the variation and was composed of almost all elements. Only in the Zn deficiency 
and control treatments of the mild Zn deficiency experiment, Zn was among the 
elements present in PC2, which explained part of the variation among accessions.
Broad sense heritability (H2) values were calculated for the measured traits, estimating the 
contribution of genetic factors to the observed variation in these traits between A. thaliana 
accessions. H2 values were higher for plants grown in the severe and mild Zn deficiency 
treatments than in Zn sufficiency treatments, for most of the analyzed traits (Table 
3). For RDW, RAD and Fe concentration low H2 values were found, meaning that only a 
limited part of the observed variation was due to genetic differences between accessions.
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Root Severe, Zn deficiency Root Severe, Zn sufficiency 
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Figure 6: Correlation wheels showing significant correlations between elements in roots of 
plants grown under the Zn deficient and sufficiency treatments of the mild and severe Zn 
deficiency experiments. Correlations were calculated based on all accession averages for 
each treatment separately. Positive correlations are represented by solid lines; negative 
correlations are represented by dashed lines. Thick lines indicated p value < 0.01, thin lines 
indicate p value < 0.05. Ions with a measurement value close to the limit of detection (blank 
value x10) are coloured in light grey. The following elements were not added to the nutrient 
solution: Cd, Sr, Li, Co, Ni, As, Se, and Rb and their correlations are not shown. 
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Figure 6: Correlation wheels showing significant correlations between elements in roots of 
plants grown under the Zn deficient and sufficiency treatments of the mild and severe Zn 
deficiency experiments. Correlations were calculated based on all accession averages for 
each treatment separately. Positive correlations are represented by solid lines; negative 
correlations are represented by dashed lines. Thick lines indicated p value < 0.01, thin 
lines indicate p value < 0.05. Ions with a measurement value close to the limit of detection 
(blank value x10) are coloured in light grey. The following elements were not added to the 
nutrient solution: Cd, Sr, Li, Co, Ni, As, Se, and Rb and their correlations are not show .
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4. Discussion
Large variation was observed between the studied A. thaliana accessions for root system 
architecture traits and Zn concentration. Accessions exposed to severe Zn deficiency had Zn 
concentrations varying between 25-70 ppm in roots, which is slightly higher than the minimum 
Zn concentration of 15-20 ppm suggested by Marschner (1995) as required for plants to grow. 
In addition, when compared to the Zn concentration in shoots of these twenty accessions Zn 
concentration in roots is still higher (Chapter 2). Similarly to our findings in shoot (Chapter 
2), accessions’ roots had a larger variation for biomass than Zn concentration. This indicates 
that variation in the minimum Zn concentration required for growth between accessions 
underlies differences in Zn deficiency tolerance at the root level. In addition to our findings 
several mechanisms at the root level have been previously demonstrated to be involved in 
tolerance of plants to Zn deficiency. For example: the ability of plants to modify root system 
architecture and scavenge for nutrients in a larger soil area, to solubilise the non-available 
Zn present in the soil, using and distributing Zn more efficiently within the plant and to 
resist the increased levels of reactive oxygen species (ROS) formed under stress conditions 
(Cakmak et al., 1996;Cakmak, 2000;Rengel, 2001;Gao et al., 2005;Genc et al., 2006;Hoffland 
et al., 2006;Wissuwa et al., 2006;Chen et al., 2009;Impa et al., 2013a;Impa et al., 2013b).
Our results also points out that variation in Zn uptake capacity and formation of lateral 
roots contribute to differences in Zn deficiency tolerance between A. thaliana accessions. 
Differences in RTL were found to be correlated to differences in Zn concentration under 
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Subsequently we determined correlations between the root ionome profiles and root growth 
and morphology traits measured in hydroponically-grown plants (Figure 7, Table S13). In 
general, only positive correlations were observed when considering the data from a single 
treatment. Under severe Zn deficiency we observed significant correlations between root 
growth and morphology traits and concentration of Na, Mg, P, S, K, Ca, Mn, Fe, Zn and Mo 
(Figure 7A), whereas under Zn sufficiency conditions, no correlations were found (Figure 
7B). This suggests that the changes in root morphology are likely to be due to changes in the 
concentration of Zn and other elements. Under severe Zn deficiency most elements were 
significantly correlated with RTL and RSA; only Mo was positively correlated with RDW. 
Na, Fe, Zn and Mo were significantly correlated with RTL, RSA, and RDW and also showed 
significant differences in concentration between the Zn sufficiency and deficiency treatments 
(Figure 5). No significant correlation was observed between element concentrations and RAD 
in the severe Zn deficiency treatment (Figure 7A). 
 
Zn deficiency Zn sufficiency 
 
 
Figure 7: Correlation wheels showing significant correlations between root element 
concentrations and root traits (RDW – Root Dry Weight, RTL – Root Total Length, RSA – 
Root Surface Area, and RAD – Root Average Diameter) measured in plants grown 
hydroponically under severe Zn deficiency (A) and Zn sufficiency (B) conditions. Correlations 
were calculated based on accession averages and only significant correlations are shown. 
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Figure 7: Correlation wheels showing significant correlations between root element 
concentrations and root traits (RDW – Root Dry Weight, RTL – Root Total Length, RSA 
– Root Surface Area, and RAD – Root Average Diameter) measured in plants grown 
hydroponically under severe Zn deficiency (A) and Zn sufficiency (B) conditions. Correlations 
were calculated based on accession averages and only significant correlations are shown. 
Only positive orrelations were found (s lid lines). Thick lines indic ted p value < 0.01, thi  
lines indicate p value < 0.05.
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Traits Mild
Zn sufficiency
Mild
Zn deficiency
Severe
Zn sufficiency
Severe
Zn deficiency
RDW - - 0.28 0.32
RTL - - 0.68 0.70
RSA - - 0.59 0.61
RAD - - 0.26 0.30
Zn 0.61 0.74 0.49 0.51
Mn 0.56 0.76 0.36 0.79
Fe 0.46 0.40 0.46 0.59
Cu 0.66 0.71 0.60 0.69
Mo 0.59 0.75 0.58 0.65
Cd 0.63 0.53 0.67 0.73
B 0.40 0.46 0.67 0.83
Na 0.52 0.54 0.64 0.57
Mg 0.82 0.74 0.52 0.70
P 0.62 0.71 0.46 0.70
S 0.62 0.61 0.53 0.69
K 0.75 0.66 0.44 0.49
Ca 0.44 0.62 0.55 0.73
Table 3: Broad sense heritability values for root dry weight - RDW (mg); root total length 
– RTL (cm); root surface area - RSA (cm2); root average diameter - RAD (mm) and root 
elements concentration (ppm - µg/g dry weight) of the twenty A. thaliana accessions 
grown hydroponically under Zn deficiency and sufficiency conditions of the severe (31 days 
of growth) and mild Zn deficiency (41 days of growth) experiments.
Zn deficiency, which could indicate a causal relation. Accessions with a lower Zn uptake 
capacity per se, would be expected to have more problems to grow sufficient roots to 
acquire more Zn and support growth, and thus would not be expected to grow much less 
under Zn-limiting conditions. However, this seems to be the case for the accession Pa-2 
which had a small decrease in RTL and Zn concentration under Zn deficiency resulting 
from its low Zn concentration and RTL under Zn sufficiency, instead of a higher ability of 
tolerating low levels of Zn. In addition, our findings indicate that A. thaliana accessions 
differ in the ability to produce lateral roots when exposed to Zn deficiency based on the 
large variation observed for relative change in NLR of plants grown under Zn deficiency 
relative to Zn sufficiency. An effect of Zn deficiency on the formation of lateral roots was 
also shown by Richard et al. (2011). Differences in the NLR and other root architecture 
traits, the localization of Zn uptake proteins in the root, genes proteins levels and 
protein turnover are also among the factors which may cause differences in the Zn 
uptake capacity between plants (Rengel, 2001;Sinclair and Kramer, 2012;Wolf, 2013).
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A. thaliana accessions differed for the effect of Zn deficiency on the growth of roots and 
shoots and their Zn concentrations. Among the accessions considered tolerant to Zn 
deficiency based on the relative change in root biomass and Zn concentration under Zn 
deficiency in comparison to Zn sufficiency were the accessions Cvi-0, Var 2-1 and Pa-2. 
However, as we mentioned before Pa-2’s high tolerance to Zn deficiency seems to be a result 
of its reduced ability of Zn up-take and investment on growth under Zn sufficient conditions 
which results in small reduction in these traits under Zn deficiency. In shoots Pa-2 and C24 
were considered sensitive to Zn deficiency (Chapter 2). Based on the relative decrease in root 
growth and Zn concentration under Zn deficiency Tsu-0, Wag-3 and Per-1 were considered 
more sensitive to Zn deficiency in comparison to the other accessions. These accessions had 
a strong decrease in both root biomass and Zn concentration in response to the Zn deficiency 
treatment. In contrary to our findings in roots, Tsu-0 was among the accessions with a high 
tolerance to Zn deficiency in shoots (Chapter 2). These findings indicate that accessions 
differ for the biomass allocation in roots and shoots in response to the Zn deficiency stress. 
Hermans et al.(2006) described that in plants exposed to P and N deficiency biomass was 
not always allocated to the roots as would be expected under nutrient deficiency conditions.
The exposure of plants to low Zn followed by a re-supply with sufficient Zn, as we did in 
the agar plate experiments, may have  induced a phenomenon previously described as ‘Zn 
shock’ in yeast (MacDiarmid et al., 2003). In our agar plates experiment plants grown under 
Zn deficiency and subsequently transferred to Zn sufficiency had a stronger reduction in 
all root traits in comparison to plants grown first under sufficient Zn and transferred to 
Zn deficiency. The ‘Zn shock’ occurs when Zn limited yeast cells are re-supplied with 
Zn. This results in the rapid accumulation of large quantities of free Zn in the cytoplasm 
due to the high expression of Zn uptake transporters under Zn deficiency. Excess Zn will 
be rapidly transported into the vacuoles by the ZRC1 and COT1 transporters in order to 
avoid accumulation of Zn to toxic concentrations in the cytoplasm. However, if such is 
not successful though, Zn toxicity will occur, leading to the ‘Zn shock’. Evidence of such 
mechanism in plants was first shown by Kawachi et al. (2009) in A. thaliana mutants lacking 
the vacuolar membrane Zn transporter MTP1, the homologue of the yeast ZRC1 and 
COT1 proteins (Dräger et al., 2004;Kim et al., 2004). In our study, seedlings exposed to Zn 
deficiency before transfer to Zn sufficiency conditions may have experienced a Zn shock. 
As a result, these seedlings would be affected by the toxic levels of Zn leading to a stronger 
decrease in root growth. An alternative explanation is that the exposure of seedlings to Zn 
deficiency at early development stages resulted in irreversible damage of the root meristem 
cells, which was not easily overcome upon sufficient Zn supply. Other studies have shown 
that meristem cells need a relatively high Zn supply, illustrating the crucial role of Zn in highly 
metabolic and differentiating cells (Cakmak, 2000), probably to avoid the production of ROS, 
as found to occur under Zn deficiency conditions (Reichheld et al., 1999;Cakmak, 2000). 
Plants grown under Zn sufficiency may be able to store Zn in the vacuoles and complexed 
with molecules while growing under Zn sufficient conditions and remobilize these 
reserves when transferred to Zn deficiency conditions. In support to this hypothesis 
in the agar plates experiment we did not observe large differences in root growth 
and morphology traits between plants exposed to Zn sufficiency since germination 
and plants grown under Zn sufficiency and transferred to Zn deficiency. Other studies 
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have shown that under Zn sufficiency conditions most part of the cytosolic free Zn2+ 
is compartmentalized into cytoplasmic organelles (Broadley et al., 2007) or bind to low-
molecular-weight chelators (histidine, nicotianamine, glutathione and phytochelatins), 
organic acids (malate, citrate and oxalate), phosphate, phytate and pectates (Sinclair 
and Krämer, 2012). In addition, the vacuole is known as the main site for Zn storage and 
detoxification when plants are exposed to toxic Zn levels and remobilization when plants 
are exposed to Zn deficiency conditions (Broadley et al., 2007;Sinclair and Krämer, 2012).
In our study we also show that changes in the root system architecture in response to 
Zn deficiency are reflected in the root ionome. Forde and Lorenzo (2001) described 
how the nutrient supply can affect the root architecture directly, through changes in 
elemental concentrations in the substrate, or indirectly, through changes in the plants 
internal elemental concentrations. Furthermore, Gruber et al. (2013) and Jain et al. (2013) 
demonstrated that plant roots display a large variation in their architecture and in the 
concentration of elements they accumulate, in response to different nutrient deficiencies. 
In our study plants grown hydroponically under severe Zn deficiency have shown a positive 
correlation between roots system architecture traits and the concentrations of Zn and 
other elements. This indicates that changes in the concentration of other elements than 
Zn may have contributed to the observed differences in root growth and morphology 
observed between the Zn deficiency and sufficiency treatments. However, we found that 
the decreased concentrations of Fe, P and S and the increased Na concentration observed 
were not high or low enough to cause deficiency or toxicity based on a comparison with 
other studies using A. thaliana plants grown under low or high concentrations of these 
elements (Jha et al., 2010;Gruber et al., 2013). These findings indicate that changes in 
root morphology we observed were indeed caused by the low Zn supply to the plants.
In addition, we found that the Zn concentration was correlated with other element 
concentrations under different levels of Zn nutrition which reflects the cross-talk between 
the homeostasis of Zn and other elements in A. thaliana. Jain et al. (2013) also showed that 
there is a cross-talk between the homeostasis signaling pathway of Zn and other micro- 
and macro-elements based on the differential expression of a subset of genes involved in 
the homeostasis of Fe and phosphate (Pi) in the A. thaliana accession Col-0. Contrary to 
other studies we observed a reduced concentration of Fe in roots of plants grown under 
severe Zn deficiency compared to Zn sufficiency. Other studies reported an increase 
(Gruber et al., 2013) or no change in Fe concentration (Ghandilyan et al., 2012;Jain et al., 
2013) under low Zn conditions in A. thaliana roots and shoots. In accordance with these 
studies shoots of plants grown under severe Zn deficiency had high Fe concentrations in 
comparison to plants grown under Zn sufficiency (Chapter 2). The increased concentration 
of Fe in plants exposed to Zn deficiency results from the enhanced expression of Zn 
transmembrane transporters under Zn deficiency which can also transport other elements 
besides Zn (Eide et al., 1996;Grotz et al., 1998;Connolly, 2002;Wintz et al., 2003;Lin et al., 
2009;Milner et al., 2013;Shanmugam et al., 2013). Based on this information one possible 
explanation for the reduced Fe concentration in roots of plants exposed to Zn deficiency 
is the strong down-regulation of Fe uptake genes and up-regulation of genes involved in 
the root-to-shoot Fe transport in Zn deficient plants. This mechanism could result in what 
we observed in this study; low Fe concentrations in roots while shoots have higher Fe 
concentrations in plants grown under severe Zn deficiency in comparison to Zn sufficiency.
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Finally, by analyzing the correlations between the root traits studied in plants grown 
hydroponically and on agar plates we found that upon sufficient Zn supply most of the root 
traits were correlated when comparing both growth systems. This suggests that basically 
both systems are comparable with respect to root system architecture traits. However, the 
correlations were lost when comparing the Zn deficiency treatments. Such could reflect 
differences in Zn (bio) – availability, between the two growth systems, perhaps due to 
differences in buffering the ions availability and ion-exchange capacities, which was found 
before to affect root phenotypes (Tennstedt et al., 2009). In agar culture the ions diffusion 
rate can decrease by about 30% due to the immobilization of salts in the gel (Scholten and 
Pierik, 1998;Jain et al., 2009). In this respect it is also important to note that for Cu, Lequeux 
et al. (2010) observed that in hydroponic medium, plants displayed Cu toxicity symptoms 
at a Cu2+ concentration that was10 times lower than the concentration which provoked 
similar symptoms in agar plates. This was mainly attributed to differences in the cation 
exchange capacity between the two growth systems which will have a similar effect on Zn 
availability. In line with this, we observed that all root traits were much more affected when 
accessions were grown on agar plates when compared to hydroponics. In addition, the 
Zn deficiency symptoms were already evident in plants grown for 2 weeks on agar plates, 
while plants grown in the hydroponics system first showed symptoms after 4 to 5 weeks.
5. Conclusion
Substantial natural variation was observed for root growth and morphology traits as well 
as for the root ionome. As expected Zn deficiency caused a reduction in root growth 
mainly reflected in the traits RTL, RSA, NLR, and root Zn concentration. Zn deficiency 
tolerance seems to be related to differences between the accessions minimum Zn 
concentration required for growth, Zn uptake capacity and ability to maintain root growth 
and formation of lateral roots under Zn deficiency. The strong reduction in growth of A. 
thaliana plants exposed to Zn deficiency in early developmental stages followed by 
transference to Zn sufficiency seems to be caused by the induction of Zn toxicity state 
know as Zn shock. The homeostasis of different elements in roots is affected according to 
the strength of the Zn deficiency treatment. Cultivation systems were comparable under 
Zn sufficiency conditions while under Zn deficiency differences in ion exchange capacity 
and buffering results in different Zn deficiency related phenotypes in roots. Finally, this 
study provides interesting starting material for future genetic studies using contrasting 
A. thaliana accessions for Zn deficiency tolerance. Among the A. thaliana accessions 
considered tolerant to Zn deficiency at the root level are Pa-2, Cvi-0 and Var 2-1, whereas 
among the ones considered sensitive to Zn deficiency are Wag-3, Tsu-0 and Per-1.
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Trait Treatment Accession Treatment * Accession
RDW (mg) F
1,1
 = 64.416, P = 0.000 F
1,19
 = 4.491, P = 0.000 F
1,19
 = 2.038, P = 0.007
Root [Zn] F
1,1
 = 946.526, P = 0.000 F
1,19
 = 3.963, P = 0.000 F
1,19
 = 3.483, P = 0.000
RTL F
1,1
 = 102.059, P = 0.000 F
1,19
 = 14.029, P = 0.000 F
1,19
 = 2.442, P = 0.001
RSA F
1,1
 = 45.139, P = 0.000 F
1,19
 = 8.297, P = 0.000 F
1,19
 = 2.821, P = 0.000
RAD F
1,1
 = 7.164, P = 0.008 F
1,19
 = 1.739, P = 0.035 F
1,19
 = 1.466, P = 0.104
Root [Zn] Severe F
1,1
 = 946.526, P = 0.000 F
1,19
 = 3.963, P = 0.000 F
1,19
 = 3.483, P = 0.000
Root [Zn] Mild F
1,1
 = 16.731, P = 0.000 F
1,19
 = 6.026, P = 0.000 F
1,19
 = 10.198, P = 0.000
Table S2: Results of the two-way ANOVA analysis performed for root dry weight (RDW), 
root Zn concentration (root [Zn]), root total length (RTL), root surface area (RSA) and root 
average diameter (RAD) to test for significant differences between treatments, accessions 
and the interaction between treatments and accessions, with a cut-off for significance of P 
< 0.05.
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Trait Accession
Change in RDW F
1,19
 = 5.396, P = 0.000
Change in RTL F
1,19
 = 5.410, P = 0.000
Change in RSA F
1,19
 = 6.995, P = 0.000
Change in RAD F
1,19
 = 1.891, P = 0.026
Change in root [Zn] Severe F
1,19
 = 7.371, P = 0.000
Change in root [Zn] Mild F
1,19
 = 13.197, P = 0.000
Table S4: Results of the one-way ANOVA analysis performed for relative change in root 
dry weight (RDW), root Zn concentration (root [Zn]), root total length (RTL), root surface 
area (RSA) and root average diameter (RAD) to test for significant differences between 
accessions, with a cut-off for significance of p < 0.05.
77
Ac
ce
ss
io
n
Tr
ea
tm
en
t
RT
L
(c
m
)
SE
Si
gn
. c
la
ss
RS
A
(c
m
)
SE
Si
gn
. c
la
ss
RA
D
(m
m
)
SE
Si
gn
. c
la
ss
N
LR
SE
Si
gn
. c
la
ss
H
au
-0
+Z
n 
->
 +
Zn
15
1.
64
56
.0
9
a,
b,
c,
d,
e,
f
13
.8
1
3.
24
a,
b,
c,
d,
e
0.
32
0.
06
3
a,
b,
c
49
.9
1
3.
16
g,
h,
i,j
,k
Li
-5
:2
+Z
n 
->
 +
Zn
25
9.
27
24
.9
3
e,
f,g
16
.1
5
1.
45
c,
d,
e,
f
0.
19
0.
00
2
a
37
.6
6
0.
88
c,
d,
e,
f
M
c-
0
+Z
n 
->
 +
Zn
12
0.
93
12
.1
9
a,
b,
c,
d
13
.1
4
0.
88
a,
b,
c,
d,
e
0.
35
0.
02
3
b,
c
40
.1
6
1.
54
d,
e,
f,g
Pa
-2
+Z
n 
->
 +
Zn
59
.8
6
3.
79
a,
b
7.
01
0.
33
a,
b
0.
37
0.
01
1
b,
c
35
.1
6
1.
44
c,
d,
e
Ts
u-
0
+Z
n 
->
 +
Zn
21
9.
58
17
.3
9
d,
e,
f,g
21
.1
2
1.
53
e,
f,g
0.
30
0.
01
4
a,
b
52
.7
5
4.
07
j,k
W
ag
-3
+Z
n 
->
 +
Zn
10
0.
92
8.
21
a,
b,
c
14
.3
4
0.
69
b,
c,
d,
e
0.
45
0.
02
0
c
21
.5
8
1.
34
a,
b
O
rs
-1
+Z
n 
->
 +
Zn
21
4.
26
5.
33
d,
e,
f,g
30
.4
2
5.
07
h,
i,j
0.
44
0.
06
5
c
52
.0
0
2.
29
i,j
,k
Bo
r-
4
+Z
n 
->
 +
Zn
28
6.
17
12
.9
5
g
24
.4
7
1.
35
f,g
,h
0.
27
0.
00
4
a,
b
42
.0
8
2.
23
d,
e,
f,g
,h
,i
Bu
r-
0
+Z
n 
->
 +
Zn
21
2.
35
16
.0
0
c,
d,
e,
f,g
19
.5
5
1.
22
d,
e,
f,g
0.
29
0.
00
8
a,
b
51
.7
5
1.
62
i,j
,k
C2
4
+Z
n 
->
 +
Zn
21
6.
93
53
.0
8
d,
e,
f,g
15
.5
7
1.
02
b,
c,
d,
e,
f
0.
24
0.
03
8
a,
b
50
.6
6
0.
36
h,
i,j
,k
Ca
n-
0
+Z
n 
->
 +
Zn
81
.5
5
6.
18
a,
b
8.
60
0.
67
a,
b,
c
0.
33
0.
00
3
b,
c
28
.3
3
1.
22
b,
c
Co
l-0
+Z
n 
->
 +
Zn
30
7.
08
7.
19
g,
h
26
.3
3
0.
50
g,
h,
i
0.
27
0.
00
1
a,
b
46
.2
5
1.
25
f,g
,h
,i,
j,k
Cv
i-0
+Z
n 
->
 +
Zn
52
.4
2
8.
12
a
5.
12
0.
63
a
0.
31
0.
01
4
a,
b
15
.9
1
1.
62
a
G
e-
0
+Z
n 
->
 +
Zn
17
2.
55
8.
50
b,
c,
d,
e,
f
15
.5
5
0.
50
b,
c,
d,
e,
f
0.
28
0.
00
5
a,
b
32
.3
3
1.
01
c,
d
Ka
s-
2
+Z
n 
->
 +
Zn
42
3.
61
8.
34
i
35
.9
8
0.
53
j
0.
27
0.
00
9
a,
b
36
.8
3
0.
60
c,
d,
e,
f
Le
r-
1
+Z
n 
->
 +
Zn
16
6.
49
7.
34
b,
c,
d,
e,
f
14
.5
1
0.
83
b,
c,
d,
e
0.
27
0.
00
6
a,
b
43
.0
0
1.
62
e,
f,g
,h
,i,
j
M
t-
0
+Z
n 
->
 +
Zn
11
9.
26
3.
44
a,
b,
c,
d
11
.4
6
0.
14
a,
b,
c,
d
0.
30
0.
00
9
a,
b
43
.3
3
0.
66
e,
f,g
,h
,i,
j
Pe
r-
1
+Z
n 
->
 +
Zn
40
2.
80
25
.0
9
h,
i
33
.5
3
2.
22
i,j
0.
26
0.
00
5
a,
b
55
.6
6
0.
88
k
Sh
ah
+Z
n 
->
 +
Zn
26
4.
57
9.
54
f,g
28
.4
6
1.
08
g,
h,
i,j
0.
34
0.
00
6
b,
c
30
.0
8
2.
60
b,
c
Ta
bl
e 
S5
: A
ve
ra
ge
 v
al
ue
s 
fo
r 
sh
oo
t 
dr
y 
w
ei
gh
t 
(S
D
W
),
 r
oo
t 
to
ta
l l
en
gt
h 
(R
TL
),
 r
oo
t 
su
rf
ac
e 
ar
ea
 (R
SA
),
 r
oo
t 
av
er
ag
e 
di
am
et
er
 (R
A
D
),
 a
nd
 
nu
m
be
r 
of
 la
te
ra
l r
oo
ts
 (N
LR
) o
f t
he
 2
0 
A
. t
ha
lia
na
 a
cc
es
si
on
s 
gr
ow
n 
on
 v
er
ti
ca
l a
ga
r 
pl
at
es
 u
nd
er
 t
he
 fo
llo
w
in
g 
tr
ea
tm
en
ts
: +
Zn
 ->
 +
Zn
 (Z
n 
su
ffi
ci
en
cy
);
 +
Zn
 ->
 -Z
n 
(e
xp
os
ed
 to
 Z
n 
de
fic
ie
nc
y 
at
 la
te
r 
de
ve
lo
pm
en
ta
l s
ta
ge
s)
; -
Zn
 ->
 +
Zn
 (e
xp
os
ed
 to
 Z
n 
de
fic
ie
nc
y 
at
 e
ar
ly
 d
ev
el
op
m
en
ta
l 
st
ag
es
);
 -Z
n 
->
 -Z
n 
(Z
n 
de
fic
ie
nc
y)
. S
E 
re
pr
es
en
ts
 t
he
 s
ta
nd
ar
d 
er
ro
r 
fo
r 
ea
ch
 a
ve
ra
ge
 v
al
ue
. L
ow
er
 c
as
e 
le
tt
er
s 
de
no
te
 s
ta
ti
sti
ca
l d
iff
er
en
ce
 
be
tw
ee
n 
ac
ce
ss
io
ns
 w
it
hi
n 
on
e 
tr
ea
tm
en
t.
 A
na
ly
se
s 
w
er
e 
m
ad
e 
us
in
g 
a 
tw
o-
w
ay
 A
N
O
VA
 te
st
 w
it
h 
gr
ou
pi
ng
s 
by
 T
uk
ey
 H
SD
 w
it
h 
a 
95
%
 
co
nfi
de
nc
e 
in
te
rv
al
.
78
Va
r 
2-
1
+Z
n 
->
 +
Zn
15
1.
38
8.
27
a,
b,
c,
d,
e
15
.4
7
1.
02
b,
c,
d,
e,
f
0.
32
0.
00
5
a,
b,
c
40
.7
5
3.
50
d,
e,
f,g
,h
H
au
-0
+Z
n 
->
 -Z
n
78
.4
1
2.
76
a,
b,
c
9.
00
0.
63
a,
b,
c,
d
0.
36
0.
01
7
a,
b
34
.0
8
2.
60
e,
f,g
Li
-5
:2
+Z
n 
->
 -Z
n
16
6.
74
5.
96
b,
c,
d,
e
11
.8
4
1.
02
a,
b,
c,
d,
e,
f
0.
22
0.
01
1
a
24
.3
3
1.
20
b,
c,
d,
e
M
c-
0
+Z
n 
->
 -Z
n
89
.1
1
2.
17
a,
b,
c
9.
96
0.
08
a,
b,
c,
d,
e
0.
35
0.
00
6
a,
b
21
.9
1
0.
72
b,
c,
d,
e
Pa
-2
+Z
n 
->
 -Z
n
48
.7
5
8.
43
a
5.
57
1.
05
a,
b
0.
36
0.
00
6
a,
b
12
.0
0
5.
45
a,
b
Ts
u-
0
+Z
n 
->
 -Z
n
18
4.
83
7.
80
c,
d,
e
20
.0
3
0.
64
c,
d,
e,
f,g
0.
34
0.
00
4
a,
b
31
.0
0
2.
69
c,
d,
e,
f
W
ag
-3
+Z
n 
->
 -Z
n
71
.4
2
8.
36
a,
b
11
.2
9
1.
20
a,
b,
c,
d,
e,
f
0.
50
0.
00
7
b
18
.2
5
0.
62
b,
c
O
rs
-1
+Z
n 
->
 -Z
n
20
3.
29
30
.8
7
a,
b,
c,
d
26
.7
1
4.
55
b,
c,
d,
e,
f
0.
41
0.
00
8
a
26
.8
3
3.
29
c,
d,
e
Bo
r-
4
+Z
n 
->
 -Z
n
17
2.
00
6.
81
b,
c,
d,
e
17
.1
8
0.
98
a,
b,
c,
d,
e,
f
0.
31
0.
00
6
a,
b
26
.5
1.
87
c,
d,
e
Bu
r-
0
+Z
n 
->
 -Z
n
82
.1
5
7.
12
a,
b,
c
8.
20
0.
83
a,
b,
c,
d
0.
31
0.
00
9
a,
b
25
.3
3
2.
74
c,
d,
e
C2
4
+Z
n 
->
 -Z
n
10
6.
77
2.
65
a,
b
10
.5
3
0.
57
a,
b,
c
0.
31
0.
00
9
a
40
.5
8
2.
51
f,g
Ca
n-
0
+Z
n 
->
 -Z
n
76
.3
3
5.
58
a,
b,
c
7.
85
0.
53
a,
b,
c,
d
0.
32
0.
00
5
a,
b
21
.2
5
1.
42
b,
c,
d,
e
Co
l-0
+Z
n 
->
 -Z
n
21
1.
38
13
.7
8
d,
e
20
.9
3
0.
92
d,
e,
f,g
0.
31
0.
00
7
a,
b
27
.2
5
2.
46
c,
d,
e
Cv
i-0
+Z
n 
->
 -Z
n
41
.7
3
10
.4
5
a
4.
10
0.
87
a
0.
31
0.
01
4
a,
b
4.
33
1.
22
a
G
e-
0
+Z
n 
->
 -Z
n
10
8.
02
11
.0
8
a,
b,
c,
d
12
.3
6
1.
15
a,
b,
c,
d,
e,
f
0.
36
0.
00
6
a,
b
21
.8
3
0.
36
b,
c,
d,
e
Ka
s-
2
+Z
n 
->
 -Z
n
25
1.
14
8.
28
e
22
.9
7
1.
42
e,
f,g
0.
29
0.
01
8
a,
b
33
.0
8
1.
44
d,
e,
f
Le
r-
1
+Z
n 
->
 -Z
n
24
7.
73
6.
76
e
23
.3
1
1.
23
f,g
0.
29
0.
00
8
a,
b
47
.0
8
2.
38
g
M
t-
0
+Z
n 
->
 -Z
n
92
.9
3
21
.9
2
a,
b,
c
9.
03
2.
19
a,
b,
c,
d
0.
30
0.
01
3
a,
b
23
.3
3
5.
45
b,
c,
d,
e
Pe
r-
1
+Z
n 
->
 -Z
n
36
7.
62
23
.4
5
f
32
.9
6
2.
10
g
0.
28
0.
00
1
a
43
.3
3
1.
85
f,g
Sh
ah
+Z
n 
->
 -Z
n
13
4.
33
10
.3
0
a,
b,
c,
d
16
.8
7
0.
83
a,
b,
c,
d,
e,
f
0.
40
0.
01
4
a,
b
24
.5
0
0.
66
b,
c,
d,
e
Va
r 
2-
1
+Z
n 
->
 -Z
n
12
3.
55
6.
15
a,
b,
c,
d
12
.3
5
0.
49
a,
b,
c,
d,
e,
f
0.
31
0.
00
7
a,
b
20
.5
8
0.
36
b,
c,
d
H
au
-0
-Z
n 
->
 +
Zn
19
.3
5
2.
22
a
1.
54
0.
17
a
0.
25
0.
00
3
a,
b,
c
8.
33
0.
71
a,
b
Li
-5
:2
-Z
n 
->
 +
Zn
18
0.
60
25
.4
3
d
13
.5
4
3.
09
b,
c,
d
0.
23
0.
03
7
a,
b,
c
28
.0
0
4.
35
c,
d,
e,
f
M
c-
0
-Z
n 
->
 +
Zn
21
.8
0
2.
81
a
2.
45
0.
30
a
0.
36
0.
02
2
b,
c
4.
41
0.
98
a,
b
Pa
-2
-Z
n 
->
 +
Zn
34
.9
0
1.
78
a,
b
3.
85
0.
17
a,
b
0.
35
0.
01
4
b,
c
16
.4
1
1.
38
a,
b,
c,
d,
e
Ts
u-
0
-Z
n 
->
 +
Zn
13
8.
48
6.
13
c,
d
17
.6
6
0.
56
d
0.
40
0.
00
8
b,
c
32
.4
1
2.
93
e,
f
79
W
ag
-3
-Z
n 
->
 +
Zn
33
.6
8
0.
48
a,
b
4.
98
0.
02
a,
b
0.
47
0.
00
4
c
12
.5
8
1.
04
a,
b,
c,
d
O
rs
-1
-Z
n 
->
 +
Zn
14
0.
89
7.
95
c,
d
16
.3
7
0.
87
c,
d
0.
37
0.
00
5
b,
c
40
.4
1
2.
70
f
Bo
r-
4
-Z
n 
->
 +
Zn
14
5.
45
10
.1
1
c,
d
13
.3
8
0.
50
b,
c,
d
0.
29
0.
01
0
a,
b,
c
28
.7
5
0.
52
c,
d,
e,
f
Bu
r-
0
-Z
n 
->
 +
Zn
10
4.
70
7.
52
a,
b,
c,
d
10
.8
6
0.
83
a,
b,
c,
d
0.
33
0.
00
3
a,
b,
c
31
.3
3
2.
25
d,
e,
f
C2
4
-Z
n 
->
 +
Zn
48
.6
4
8.
96
a,
b,
c
4.
75
0.
76
a,
b
0.
31
0.
01
8
a,
b,
c
29
.5
8
5.
05
c,
d,
e,
f
Ca
n-
0
-Z
n 
->
 +
Zn
49
.9
3
2.
36
a,
b,
c
5.
47
0.
29
a,
b
0.
34
0.
00
2
b,
c
19
.0
8
1.
40
a,
b,
c,
d,
e
Co
l-0
-Z
n 
->
 +
Zn
19
2.
02
0.
00
a,
b,
c
18
.4
3
0.
00
a,
b
0.
30
0.
00
0
a
36
.3
3
0.
00
a,
b,
c,
d
Cv
i-0
-Z
n 
->
 +
Zn
25
.0
9
4.
45
a
2.
43
0.
43
a
0.
30
0.
00
3
a,
b,
c
5.
41
1.
90
a,
b
G
e-
0
-Z
n 
->
 +
Zn
65
.6
8
5.
88
a,
b,
c
6.
73
0.
71
a,
b,
c
0.
32
0.
00
5
a,
b,
c
15
.7
5
0.
80
a,
b,
c,
d,
e
Ka
s-
2
-Z
n 
->
 +
Zn
94
.1
7
19
.3
5
a,
b,
c,
d
7.
00
1.
46
a,
b,
c
0.
23
0.
01
1
a,
b,
c
20
.3
3
1.
74
a,
b,
c,
d,
e
Le
r-
1
-Z
n 
->
 +
Zn
55
.5
8
3.
08
a,
b,
c
5.
30
0.
25
a,
b
0.
30
0.
01
3
a,
b,
c
21
.0
8
2.
60
a,
b,
c,
d,
e,
f
M
t-
0
-Z
n 
->
 +
Zn
86
.8
6
4.
51
a,
b,
c,
d
8.
29
0.
03
a,
b,
c,
d
0.
30
0.
01
6
a,
b,
c
32
.3
3
0.
88
e,
f
Pe
r-
1
-Z
n 
->
 +
Zn
12
6.
70
2.
60
b,
c,
d
10
.7
5
1.
00
a,
b,
c,
d
0.
27
0.
02
6
a,
b,
c
23
.0
0
1.
73
b,
c,
d,
e,
f
Sh
ah
-Z
n 
->
 +
Zn
10
0.
09
1.
63
a,
b,
c
11
.9
6
0.
13
a,
b,
c,
d
0.
38
0.
01
0
a,
b,
c
16
.8
7
0.
37
a,
b,
c
Va
r 
2-
1
-Z
n 
->
 +
Zn
25
.0
2
1.
33
a
2.
58
0.
09
a
0.
32
0.
00
6
a,
b
4.
50
0.
75
a
H
au
-0
-Z
n 
->
 -Z
n
12
.7
7
1.
54
a
0.
91
0.
08
a
0.
22
0.
00
6
a
3.
83
1.
04
a,
b,
c
Li
-5
:2
-Z
n 
->
 -Z
n
12
0.
33
3.
71
d,
e
11
.7
3
0.
17
d,
e
0.
31
0.
00
9
a,
b
23
.6
6
1.
20
e,
f
M
c-
0
-Z
n 
->
 -Z
n
13
.9
0
1.
41
a
1.
57
0.
16
a
0.
36
0.
00
1
a,
b,
c
0.
50
0.
14
a
Pa
-2
-Z
n 
->
 -Z
n
33
.9
6
6.
19
a,
b,
c
3.
44
0.
65
a,
b
0.
32
0.
00
4
a,
b,
c
8.
16
2.
30
a,
b,
c
Ts
u-
0
-Z
n 
->
 -Z
n
69
.2
3
13
.1
3
b,
c
9.
02
1.
87
c,
d,
e
0.
41
0.
01
3
b,
c
15
.8
3
1.
54
c,
d,
e,
f
W
ag
-3
-Z
n 
->
 -Z
n
35
.9
9
4.
33
a,
b,
c
5.
38
0.
41
a,
b,
c
0.
48
0.
04
9
c
11
.6
6
1.
42
a,
b,
c,
d
O
rs
-1
-Z
n 
->
 -Z
n
14
5.
61
15
.9
0
e
14
.0
9
1.
17
e
0.
31
0.
01
6
a,
b
24
.9
1
1.
26
f
Bo
r-
4
-Z
n 
->
 -Z
n
81
.0
6
14
.1
1
c,
d
8.
07
1.
62
b,
c,
d
0.
31
0.
01
7
a,
b
11
.7
5
1.
75
a,
b,
c,
d
Bu
r-
0
-Z
n 
->
 -Z
n
78
.4
7
5.
66
c,
d
7.
76
0.
99
b,
c,
d
0.
31
0.
02
8
a,
b
23
.3
3
1.
01
d,
e,
f
C2
4
-Z
n 
->
 -Z
n
35
.6
1
0.
01
a,
b
3.
71
0.
11
a
0.
33
0.
01
0
a
23
.5
0
1.
50
c,
d,
e,
f
Ca
n-
0
-Z
n 
->
 -Z
n
28
.0
1
2.
55
a,
b
2.
99
0.
30
a,
b
0.
33
0.
01
0
a,
b,
c
6.
16
0.
68
a,
b,
c
80
Co
l-0
-Z
n 
->
 -Z
n
55
.6
5
3.
76
a,
b,
c
4.
91
0.
65
a,
b,
c
0.
27
0.
01
8
a,
b
12
.0
0
0.
90
a,
b,
c,
d,
e
Cv
i-0
-Z
n 
->
 -Z
n
10
.4
2
2.
14
a
0.
92
0.
19
a
0.
28
0.
00
2
a,
b
1.
25
0.
43
a
G
e-
0
-Z
n 
->
 -Z
n
44
.0
1
11
.0
7
a,
b,
c
4.
64
1.
32
a,
b,
c
0.
33
0.
01
5
a,
b,
c
9.
66
1.
59
a,
b,
c
Ka
s-
2
-Z
n 
->
 -Z
n
41
.5
0
5.
71
a,
b,
c
3.
61
0.
56
a,
b
0.
27
0.
01
1
a,
b
13
.3
3
1.
31
b,
c,
d,
e,
f
Le
r-
1
-Z
n 
->
 -Z
n
35
.4
0
5.
05
a,
b,
c
3.
31
0.
38
a,
b
0.
30
0.
01
2
a,
b
10
.8
3
1.
16
a,
b,
c
M
t-
0
-Z
n 
->
 -Z
n
54
.4
3
5.
51
a,
b,
c
5.
43
0.
33
a,
b,
c
0.
32
0.
01
2
a,
b
13
.3
3
0.
88
b,
c,
d,
e,
f
Pe
r-
1
-Z
n 
->
 -Z
n
49
.0
6
23
.8
4
a,
b,
c
4.
56
2.
16
a,
b,
c
0.
30
0.
00
5
a,
b
12
.3
3
3.
38
a,
b,
c,
d,
e
Sh
ah
-Z
n 
->
 -Z
n
37
.8
5
5.
09
a,
b,
c
4.
32
0.
79
a,
b,
c
0.
35
0.
02
3
a,
b,
c
12
.1
6
1.
40
a,
b,
c,
d,
e
Va
r 
2-
1
-Z
n 
->
 -Z
n
26
.2
1
3.
30
a,
b
2.
82
0.
55
a,
b
0.
33
0.
02
3
a,
b,
c
1.
66
0.
36
a,
b
81
Trait Treatment Accession Treatment * Accession
RTL F
1,3
 = 453.265, P = 0.000 F
1,19
 = 73.842, P = 0.000 F
1,57
 = 13.781, P = 0.000
RSA F
1,3
 = 441.464, P = 0.000 F
1,19
 = 69.354, P = 0.000 F
1,57
 = 12.303, P = 0.000
RAD F
1,3
 = 6.007, P = 0.001 F
1,19
 = 33.456, P = 0.000 F
1,57
 = 2.913, P = 0.000
NLR F
1,3
 = 654.822, P = 0.000 F
1,19
 = 60.150, P = 0.000 F
1,57
 = 10.594, P = 0.000
Table S6: Results of the two-way ANOVA analysis performed for root total length (RTL), 
root surface area (RSA), root average diameter and number of lateral roots (NLR) of the 
twenty A. thaliana accessions grown on vertical agar plates under Zn sufficiency and Zn 
deficiency conditions to test for significant differences between treatments, accessions and 
the interaction between treatments and accessions, with a cut-off for significance of 
P < 0.05.
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Trait Accession
Rel. change RTL F
1,19
 = 13.068, P = 0.000
Rel. change RSA F
1,19
 = 11.324, P = 0.000
Rel. change RAD F
1,19
 = 2.986, P = 0.002
Rel. change NLR F
1,19
 = 10.613, P = 0.000
Table S8: Results of the one-way ANOVA analysis performed for relative change in root 
total length (RTL), root surface area (RSA), root average diameter (RAD) and number of 
lateral roots (NLR) of the twenty A. thaliana accessions grown on vertical agar plates 
under Zn sufficiency and deficiency conditions to test for significant differences between 
accessions, with a cut-off for significance of P < 0.05.
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Accession Experiment Treat Zn SE Sign.class Treat Zn SE Sign. class
Col-0 Severe Control 384.1 21.1 a,b,c Zn Def. 44.7 3.0 a,b,c,d
Bur-0 Severe Control 451.9 40.6 b,c Zn Def. 51.8 3.2 b,c,d
Cvi-0 Severe Control 262.6 45.2 a,b Zn Def. 56.7 8.6 b,c,d
Ler-1 Severe Control 411.6 42.3 b,c Zn Def. 63.7 6.0 c,d
Var 2-1 Severe Control 609.3 82.8 c Zn Def. 61.6 9.8 b,c,d
Can-0 Severe Control 339.7 34.0 a,b,c Zn Def. 53.0 7.3 b,c,d
Ge-0 Severe Control 334.2 29.5 a,b,c Zn Def. 46.1 4.6 a,b,c,d
Li-5:2 Severe Control 338.1 35.1 a,b,c Zn Def. 54.6 5.4 b,c,d
Pa-2 Severe Control 252.4 37.1 a,b Zn Def. 59.1 4.9 b,c,d
Ors-1 Severe Control 351.4 23.9 a,b,c Zn Def. 37.0 3.5 a,b,c
Wag-3 Severe Control 326.0 48.4 a,b,c Zn Def. 40.0 2.5 a,b,c,d
Bor-4 Severe Control 211.5 30.4 a Zn Def. 33.5 3.2 a,b
Kas-2 Severe Control 446.5 71.2 b,c Zn Def. 39.2 4.3 a,b,c,d
Shah Severe Control 442.5 29.7 b,c Zn Def. 37.8 10.0 a,b,c
Mt-0 Severe Control 527.8 111.0 c Zn Def. 45.3 6.5 a,b,c,d
Hau-0 Severe Control 366.3 40.7 a,b,c Zn Def. 41.6 5.3 a,b,c,d
Mc-0 Severe Control 470.7 65.3 b,c Zn Def. 70.8 3.6 d
Tsu-0 Severe Control 426.7 32.0 b,c Zn Def. 56.3 8.2 b,c,d
Per-1 Severe Control 374.1 26.8 a,b,c Zn Def. 25.4 1.7 a
C24 Severe Control 367.4 4.4 a,b,c Zn Def. 38.1 12.3 a,b,c
Col-0 Mild Control 350.7 91.0 a,b,c,d Zn Def. 114.8 18.7 a
Bur-0 Mild Control 586.3 32.2 d Zn Def. 182.7 36.3 a,b
Cvi-0 Mild Control 417.4 102.9 a,b,c,d Zn Def. 355.7 120.2 b,c
Ler-1 Mild Control 320.0 50.6 a,b,c,d Zn Def. 379.0 61.0 b,c,d
Var 2-1 Mild Control 675.6 106.8 d Zn Def. 318.1 18.4 b,c
Can-0 Mild Control 417.5 40.2 b,c,d Zn Def. 363.0 48.3 b,c,d
Ge-0 Mild Control 419.9 41.4 b,c,d Zn Def. 396.4 41.5 b,c,d
Table S10: Root Zn concentration (in µg/g of dry weight) of the twenty A. thaliana 
accessions grown hydroponically under severe and mild Zn deficiency and their respective 
Zn sufficiency or control treatments. SE represents the standard error for each average 
value. Lower case letters denote statistical difference between accessions. Analyses were 
made using a two-way ANOVA test with groupings by Tukey HSD with a 95% confidence 
interval. n= 5 independent plants per genotype.
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Li-5:2 Mild Control 398.2 43.8 b,c,d Zn Def. 462.0 54.5 c,d
Pa-2 Mild Control 340.7 28.4 a,b,c,d Zn Def. 624.0 87.2 c,d,e
Ors-1 Mild Control 484.3 23.9 c,d Zn Def. 406.1 73.9 b,c,d
Wag-3 Mild Control 461.7 53.9 b,c,d Zn Def. 593.0 54.7 c,d,e
Bor-4 Mild Control 323.8 39.0 a,b,c,d Zn Def. 442.0 70.4 b,c,d
Kas-2 Mild Control 227.5 37.1 a,b,c Zn Def. 313.7 28.9 b,c
Shah Mild Control 156.1 17.5 a Zn Def. 397.0 20.8 b,c,d
Mt-0 Mild Control 293.8 27.7 a,b,c,d Zn Def. 1273.2 278.9 e
Hau-0 Mild Control 203.0 12.3 a,b Zn Def. 565.8 105.3 c,d,e
Mc-0 Mild Control 246.7 23.6 a,b,c Zn Def. 879.2 49.7 d,e
Tsu-0 Mild Control 387.1 31.5 b,c,d Zn Def. 509.9 80.5 c,d,e
Per-1 Mild Control 346.8 51.7 a,b,c,d Zn Def. 318.9 82.6 a,b,c
C24 Mild Control 316.3 29.2 a,b,c,d Zn Def. 293.9 38.6 a,b,c
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Trait Treatment Corrected p value
[B] F
1,3
 = 45.618, P = 0.000 P = 0.000
[Na] F
1,3
 = 47.389, P = 0.000 P = 0.000
[Mg] F
1,3
 = 105.436, P = 0.000 P = 0.000
[P] F
1,3
 = 772.708, P = 0.000 P = 0.000
[S] F
1,3
 = 222.191, P = 0.000 P = 0.000
[K] F
1,3
 = 1031.243, P = 0.000 P = 0.000
[Ca] F
1,3
 = 81.428, P = 0.000 P = 0.000
[Mn] F
1,3
 = 15.976, P = 0.000 P = 0.000
[Fe] F
1,3
 = 404.006, P = 0.000 P = 0.000
[Cu] F
1,3
 = 81.679, P = 0.000 P = 0.000
[Zn] F
1,3
 = 531.836, P = 0.000 P = 0.000
[Mo] F
1,3
 = 32.208, P = 0.000 P = 0.000
[Cd] F
1,3
 = 116.860, P = 0.000 P = 0.000
Table S11: Results of the one-way ANOVA analysis performed for root elements 
concentration log10 transformed values to test for significant differences between 
treatments (Severe Control, Severe Zn deficiency, Mild Control and Mild Zn Deficiency). A 
Benjamini-Hochberg multiple comparisons correction was performed and the corrected P 
values are shown. A cut-off for significance of P < 0.05 was used.
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4. Similar responses at the transcriptional level of three Arabidopsis 
thaliana accessions reveal new processes involved in the early and late 
general response to Zn deficiency
Ana Carolina A. L. Campos; Edouard Severing; Ross Alexander; Mark G. M. Aarts
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Abstract
Zn is an essential micronutrient for plants which acts as a structural component and co-
factor for many proteins. In the wild, plants show natural variation for Zn deficiency 
tolerance due to differences in Zn homeostasis mechanisms. However this resource has 
been little explored so far. For example, the processes involved in the general response to Zn 
deficiency at the transcriptional level have been researched only in the accession Col-0 at a 
single time point. In this study we aimed to identify new genes and processes involved in the 
early and late general response to Zn deficiency in A. thaliana roots and shoots. For this we 
used three A. thaliana accessions with contrasting tolerance to Zn deficiency to investigate 
the changes at the whole genome transcriptional level in root and shoot measured at two 
time-points after exposure to Zn deficiency. Although the three accessions had different 
levels of tolerance to Zn deficiency they showed common responses at the transcriptional 
level, which was our focus in this study. We found that the general biological processes 
altered by Zn deficiency were: carbohydrate metabolism, glucosinolate biosynthesis and 
circadian clock regulation. Accessions early general response to Zn deficiency was stronger 
in roots than in shoots, demonstrated by the up-regulation of Zn deficiency responsive 
genes in roots but not shoots after 4 days exposure to Zn deficiency. In shoots after 12 
days under low Zn the Zn deficiency homeostasis genes NAS2, 3 and 4, YSL3 and HMA2 
were up-regulated. This indicates their role in the accessions general late response to 
Zn deficiency in shoots. In addition, we found three defensin-like genes strongly up-
regulated in roots at both time points studied. This reinforces the involvement of defensin-
like genes in the response to different levels of Zn nutrition shown in previous studies. 
Finally, we identified new candidate genes among the accessions general Zn deficiency 
responsive genes which provide a valuable material for further research in this field.
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1. Introduction
In the genetic model system Arabidopsis thaliana between 1.800 and 2.400 proteins are 
predicted to contain, bind or transport Zn (Broadley et al., 2007;Clemens, 2010). This 
demonstrates the essential role Zn plays in many biological and molecular processes, 
being present in or binding transcription factors and enzymes (Grotz et al., 1998;Krämer 
and Clemens, 2005). Plants exposed to Zn deficiency display a strong inhibition of 
protein synthesis and increased production of reactive oxygen species causing damage 
to membranes, chlorophyll, and enzymes (Sinclair and Kramer, 2012). This results in a 
strong reduction of growth, leaf chlorosis, early senescence and, under severe stress, 
formation of necrotic spots (Marschner, 1995). However, certain plant genotypes 
display a higher tolerance to Zn deficiency and are able to maintain growth under low 
Zn concentrations (Hacisalihoglu and Kochian, 2003). In chapters 2 and 3 we were able 
to identify A. thaliana accessions with contrasting levels of tolerance to Zn deficiency 
in shoots and roots and some of the mechanisms involved in this process. Mechanisms 
underlying Zn deficiency tolerance have also been described by Rengel (2001).
At the molecular level the response to Zn deficiency is hypothesized to start with the 
activation of the transcription factors bZIP19 and 23, which regulate the expression 
of some of the transcripts involved in the first steps of Zn uptake, xylem loading and 
transport; mainly ZIP Zn transporter genes and NICOTIANAMINE SYNTHASE genes 
(Suzuki et al., 1999;Assunção et al., 2010;Assunção et al., 2013). The decreased Zn levels 
will subsequently also induce the up-regulation of other genes such as HMA2, involved 
in Zn xylem loading (Eren and Arguello, 2004;Hussain et al., 2004;Mills et al., 2005) and 
FRD3, involved in root to shoot Zn translocation (Rogers and Guerinot, 2002;Durrett et 
al., 2007;Pineau et al., 2012). In addition, plants induce a Zn economy response by up-
regulating transcripts involved in remobilization of Zn from senescing leaves to the phloem, 
such as YSL3 (Waters et al., 2006;Waters and Grusak, 2008) and the NAS genes, and from 
the vacuoles into the cytoplasm, such as NRAMP4 (Lanquar et al., 2004;Oomen et al., 2009).
Most of the studies describing the changes induced by Zn deficiency at the whole genome 
transcriptional level were limited to only one A. thaliana accession (Col-0) and a single time 
point (Wintz et al., 2003;Talke et al., 2006;van de Mortel et al., 2006;van de Mortel et al., 
2008;Assunção et al., 2010). The general response to Zn deficiency based on more than 
one accession or at different time points after exposure to the stress, at the whole genome 
transcriptional level has not yet been investigated. Several gene expression studies have 
shown that sometimes large differences are found in the response of different accessions to 
stress or other treatments (Delker et al., 2010;Des Marais et al., 2012;Wang et al., 2013c). 
Earlier studies used microarray to investigate the response of the A. thaliana accession Col-
0 to Zn deficiency either after five (Wintz et al., 2003) or seven days after exposure to Zn 
deficiency (van de Mortel et al., 2006;van de Mortel et al., 2008;Assunção et al., 2010).
In this study we used natural variation in Zn deficiency tolerance to identify transcripts which 
are involved in the general response to Zn deficiency using three A. thaliana accessions (Tsu-
0, Pa-2 and Col-0). These accessions were selected as they previously showed differences 
in their tolerance to Zn deficiency (chapter 2). At the shoot level Tsu-0 has a high tolerance 
to Zn deficiency, while Pa-2 is more sensitive (chapter 2). Col-0 was included in the analysis 
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for comparison purposes, as it has been used as the reference accession for many gene 
expression studies in A. thaliana (www.arabidopsis.org). We used RNA sequencing to 
measure the changes in gene expression in shoots and roots at two time points. With this 
we aimed to identify processes and genes which are involved in the general response to Zn 
deficiency in these accessions. In addition, we aimed to identify the general transcriptional 
changes induced after short and long term exposure to Zn deficiency in different tissues.
2. Material and Methods
2.1. Accessions and time point selection
Two A. thaliana accessions were selected based on differences in Zn deficiency tolerance 
at the shoot level (chapter 2). Accession Tsu-0 (CS28780) was considered tolerant to 
Zn deficiency due to its high shoot biomass both under Zn deficiency and sufficiency 
conditions. Accession Pa-2 (CS28595) had high shoot biomass under Zn sufficiency and 
low biomass under Zn deficiency conditions and was considered sensitive to Zn deficiency. 
Col-0 showed an intermediate tolerance to Zn deficiency. We used a transgenic Col-0 line 
stably transformed with a ZIP4promoter::GUS construct (obtained from Ana Assunção; 
unpublished information). This Col-0 line was used to enable monitoring expression of the 
Zn deficiency responsive gene ZIP4 in roots of these plants when exposed to Zn deficiency 
by performing a GUS staining assay using a small piece of root. Plant growth conditions 
were the same as described in chapter 2. The three A. thaliana accessions were grown 
hydroponically for 19 days with sufficient Zn supply (2µM ZnSO
4
). After this period, half of 
the plants were kept to grow under sufficient Zn (2µM ZnSO
4
) and the other half transferred 
to Zn deficiency (0.05µM ZnSO
4
). To obtain a detailed characterization of the accessions 
response to Zn deficiency over time we harvested shoots and roots after 0, 6 and 24 hours, 
4 and 6 days of exposure to Zn deficiency. Three biological replicates of every accession 
were sampled at each harvesting time point (roots and shoots separately) both for the Zn 
sufficiency and deficiency treatments. Each biological replicate consisted of three plants. 
For RNA extraction samples were grinded and stored at -80 oC. Total RNA was extracted 
using the RNeasy Plant Mini Kit (Qiagen®) following the manufacturer’s instructions. 
cDNA was synthesized from 1µg of total RNA using the iScript cDNA synthesis kit from 
BioRad® as per the manufacturer’s instructions. Following synthesis, cDNA was diluted 
to 1/10. Quantitative reverse transcriptase PCRs (qRT-PCRs) were performed in triplicate 
using the iQ SYBR green supermix (BioRad®) in an iQ Real Time PCR machine (BioRad®). 
The expression of the ZIP4 (AT1G10970) and FRD3 (AT3G08040) genes was determined. 
The oligonucleotides used for each gene are shown in table S1. Amplicon lengths 
were between 80 and 120 bp and all primers combinations had at least 95% efficiency. 
Reaction volumes were 10 µL (5 µL SYBR green qPCR mix 300 nm of each primer in 
1 µL and 4 µL of cDNA template). Cycling parameters were 4 minutes at 95 ˚C, then 40 
cycles of 15 seconds at 95 ˚C and 30 seconds at 55 ˚C. Gene expression values were 
normalized to the house-keeping gene Ef1-α (AT1G18070) and relative gene expression 
values comparing Zn deficiency relative to the Zn sufficiency treatment were calculated 
using the 2–ΔΔCT (Livak and Schmittgen, 2001). Based on the results from this experiment 
two harvesting time points were selected to be used in the RNA sequencing experiment.
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2.2. RNA sequencing
Plants were grown as described in Chapter 2. For the RNA sequencing experiment plants 
were initially grown hydroponically for 19 days at sufficient Zn supply (2 µM ZnSO
4
) before 
being transferred to Zn deficient medium (0.05 µM ZnSO
4
) or kept on medium with sufficient 
Zn (2 µM ZnSO
4
). Shoots and roots were harvested at 4 and 12 days after transference to 
the Zn deficiency and sufficiency treatments. At each time point three biological replicates 
of each accession were harvested. One biological replication consisted of three plants 
pooled (shoots and roots separate). Samples were immediately ground in liquid nitrogen 
and stored at -80 °C for RNA extraction. Total RNA was extracted using the RNeasy Plant 
Mini Kit (Qiagen®), following the manufacturer’s instructions. RNA concentration was 
measured with a Qubit and a total 3µg RNA was used for the next steps. The cDNA library 
was prepared according to the Illumina TrueSeq RNA using the cBot and Single Read 
Clustering chemistry V.3 of Illumina (www.illumina.com). Sequencing of 100 nucleotides 
reads plus 6 nucleotides index reads was done using Illumina HiSeq2000 flow-cells.
The Illumina reads of Col-0 and Pa-2 were mapped against the Col-0 genome version 
TAIR10 (www.arabidopsis.org) using TopHat 2 (Kim et al., 2013a) with the following set of 
parameters: minimum intron length 50; maximum intron length 11.000; maximum multi-
hits 1; maximum edit distance 5; maximum number of mismatches 5; pre-filter multi-hits. 
The Illumina reads of Tsu-0 were mapped against the reference genome of Tsu-0 (Gan et al., 
2011) also using TopHat 2 with the same parameters setting. Gene expressions levels (FPKM) 
were determined using Cufflinks 2 (Trapnell et al., 2010). Differential expression analyses 
were performed using the Cuffdif 2 program included in the Cufflinks 2 package. Significant 
difference in gene expression under Zn deficiency relative to the Zn sufficiency treatment 
was set to P-value cutoff level lower or equal to 0.05. Heatmaps were created using the 
heatmap.2 function of gplots package for R (http://www.r-project.org/). Rows in the 
heatmaps were clustered using a hierarchical clustering approach with Euclidian distances.
We used two methods to select sets of genes with a significant change in expression under 
Zn deficiency which reflected the common response to Zn deficiency between the three A. 
thaliana accessions used in this study. First we selected the ‘accessions general Zn deficiency 
responsive genes’ based on transcripts which had a significant fold change in expression 
(p value < 0.05) under Zn deficiency in all the three A. thaliana accessions studied (Col-
0, Tsu-0 and Pa-2). Transcripts up- and down-regulated were considered separated. In the 
second method we selected the ‘accessions core general Zn deficiency responsive genes’ 
correspondent to transcripts present in the ‘accessions general Zn deficiency responsive 
genes’ set with a significant change in expression in both time points studied (4 and 12 
days). For this second set of genes we considered transcripts up- and down-regulated 
together. In order to obtain more information on the biological processes in which the 
genes regulating the accessions common response to Zn deficiency may be involved we 
performed a gene ontology (GO) enrichment analysis for each gene set selected. The GO 
enrichment analysis was performed using the Biomaps software available from the Virtual 
Plant website (http://virtualplant.bio.nyu.edu/cgi-bin/vpweb/) (Katari et al., 2010), using 
the Fischer Exact Test with false discovery rate (FDR) correction and a P-value cutoff of 0.01.
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3. Results and Discussion
3.1. Time points selection
In order to determine which time points would best reflect the processes involved in early 
and late response to Zn deficiency we investigated the expression levels of the genes 
ZIP4 and FRD3 after plants were exposed to Zn deficiency at five different time points. 
The ZIP4 gene encodes a plasma membrane-localized Zn transporter (Grotz et al., 1998). 
ZIP4 expression is strongly up-regulated in both shoots and roots of Zn deficient plants 
early after exposure to Zn deficiency (Talukdar, 2007). FRD3 is also known to be strongly 
up-regulated in roots of Zn deficient A. thaliana plants but at a later stage after exposure 
to Zn deficiency (van de Mortel et al., 2006). The protein encoded by FRD3 mediates the 
efflux of citrate, an Fe and Zn chelator, into the root vasculature and is involved in root 
to shoot Zn translocation (Rogers and Guerinot, 2002;Durrett et al., 2007;Roschzttardtz 
et al., 2011;Pineau et al., 2012). The expression of ZIP4 is directly regulated by the 
transcription factors bZIP19 and bZIP23 through binding to ZDRE cis elements in the 
ZIP4 promoter (Assunção et al., 2010). Unlike ZIP4, FRD3 does not contain such ZDREs 
in its promoter and its transcription is not directly controlled by bZIP19 and bZIP23.
In the time point selection experiment, based on the qRT-PCR analysis we observed that 
ZIP4 expression increases already after 24 hours under Zn deficiency in shoots and roots 
of almost all three accessions (Figure 1A and B, Table S2). Plants kept under Zn sufficiency 
did not change ZIP4 expression (data not shown). In shoots Pa-2 reached the highest 
relative ZIP4 expression level after 6 days of exposure to Zn deficiency in comparison to 
the other accessions. However this result is based on only one replicate. Although, Tsu-0 
did not show a strong increase in ZIP4 expression in shoots at 6 days, it had a transient 
expression peak at 24h and 4 days. On the other hand, in roots at day 6 Tsu-0 showed the 
highest relative transcript level of ZIP4 in comparison to the other accessions (Figure 1 B).
Col-0 and Pa-2 had the highest FRD3 expression levels under Zn deficiency in shoots after 
6 days (Figure 1C and D). However, Tsu-0 showed only a transient increase in expression 
at 6 and 24 h in shoots, which was absent in the other two accessions. In the accessions 
Tsu-0 and Col-0 FRD3 expression level was increased 12-fold in roots after 6 days. Almost 
all accessions had a significant increase in the expression of ZIP4 and FRD3 after 24 hours 
of exposure to Zn deficiency in comparison to the Zn sufficiency treatment (Table S2). 
However, contrary to what we expected the expression levels of both ZIP4 and FRD3 had a 
strong induction in expression only after 4 days and 6 days respectively, with transient peaks 
around 6 and 24 hours. Also previous studies investigating the whole genome transcriptional 
changes induced by Zn deficiency in A. thaliana used plants exposed to low Zn for 5 and 
7 days (Wintz et al., 2003;Talke et al., 2006;van de Mortel et al., 2006;van de Mortel et 
al., 2008;Assunção et al., 2010). Therefore, in order to capture the early and late changes 
induced by Zn deficiency at the transcriptional level we decided to use the time points 4 and 
12 days for the RNA sequencing experiment. Although we did not measure the expression 
level of these genes at the time point 12 days, based on our results we decided that 12 days 
would better represent the late transcriptional changes induced by Zn deficiency than 6 days.
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Figure 1: Relative transcript level (RTL) of ZIP4 and FRD3 in shoots (A and C) and roots 
(B and D) of three A. thaliana accessions with contrasting tolerance to Zn deficiency 
at different time points after plants were transferred to the Zn deficiency treatment. 
Values represent the average gene expression level under Zn deficiency relative to the Zn 
sufficiency treatment. Average values correspond to three biological replicates and error 
bars represent the standard error. Significant differences for the expression levels of ZIP4 
and FRD3 between treatments for each accession and time point are shown in table S2.
3.2. A. thaliana general transcriptional response to Zn deficiency
Based on the RNAseq results we selected genes that showed differential expression 
when comparing the Zn deficiency and sufficiency treatments based on a P value cutoff 
of 0.05. In this study we focused on the accessions general Zn deficiency responsive 
genes selected based on transcripts that shared a similar transcriptional response 
when comparing the three A. thaliana accessions as explained in more detail in the 
material and methods. Figure 2 provides an overview of the number of transcripts 
involved in the response of the three A. thaliana accessions to Zn deficiency, comparing 
roots and shoots and the two different time points after exposure to Zn deficiency. 
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Figure 2: Venn diagrams illustrating the number of significantly differentially expressed 
transcripts (up- or down-regulated) in response to Zn deficiency when compared to the Zn 
sufficiency treatment in the three A. thaliana accessions (Col-0, Tsu-0, and Pa-2). Transcripts 
Figure 2: Venn diagrams illustrating the number of significantly differentially expressed 
transcripts (up- or down-regulated) in response to Zn deficiency when compared to 
the Zn sufficiency treatment in the three A. thaliana accessions (Col-0, Tsu-0, and Pa-
2). Tra scripts differe tially expressed in roots and shoots in the two time points after 
exposure to Zn deficiency are shown separately.
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3.2.1. Early root response to Zn deficiency
After 4 days of exposure to Zn deficiency, a total of 173 transcripts were significantly up-
regulated in roots of all three A. thaliana accessions when compared to the Zn sufficiency 
treatment (Figure 2, Table S3). GO analysis indicated that this set of genes was enriched with 
transcripts involved in response to stimulus, defence response, cell wall organization, ion 
transport, peroxidase activity, glucosinolates and carbohydrate metabolism (biosynthesis 
and catabolism) (Table S4). Among these transcripts were several genes known to be 
involved in Zn deficiency homeostasis, such as ZIP2, 3, 4, 5, 9 and IRT3 which encode Zn 
transmembrane transporters (Grotz et al., 1998;Lin et al., 2009;Milner et al., 2013) and 
FRD3 (van de Mortel et al., 2006) (Table 1). Other genes involved in other ions homeostasis 
present in this gene set were MOT1, which encodes a high affinity Mo transporter localized 
in the mitochondria (Tomatsu et al., 2007;Baxter et al., 2008a), and FRO5, which encodes 
a ferric reductase oxidase involved in Cu reduction and uptake in roots and shoots (Bernal 
et al., 2012). This response may reflect the changes in the Fe concentration in the plants 
roots when exposed to Zn deficiency. Other studies have already demonstrated that 
Fe concentrations increase when plants are exposed to Zn deficiency, due to the strong 
up-regulation of Zn transporters which have the ability of transporting other elements, 
such as Fe (van de Mortel et al., 2006;Gruber et al., 2013;Shanmugam et al., 2013).
The same samples showed 129 transcripts significantly down-regulated under Zn deficiency 
(Figure 2, Table S5). This set was enriched with transcripts involved in hormones mediated 
response to stimulus, glucosinolates and carbohydrate biosynthesis and ion transport (Table 
1 and S6). Among the ion transport transcripts were genes involved in Fe homeostasis, such 
as FRO2 and IRT1 and the transcription factors (TFs) bHLH38, 39, 100 and 101. These TFs 
play an important role under high Zn and low Fe conditions by interacting with the FIT1 
protein which induces the expression of the Fe uptake genes FRO2 and IRT1 (Colangelo and 
Guerinot, 2004;Jakoby et al., 2004;Yuan et al., 2004;Yuan et al., 2008;Wang et al., 2013a). 
FRO2 encodes a ferric chelate reductase which reduces Fe(III) to the more soluble form 
Fe2+ on the external side of the root plasma membrane (Robinson et al., 1999). The gene 
IRT1 encodes a metal ion transporter responsible for the root uptake of Fe2+ into epidermal 
cells (Henriques et al., 2002;Varotto et al., 2002;Vert et al., 2002). Other genes present in 
this set encoded tonoplast transporters involved in the homeostasis of Zn, Fe and other 
micronutrients were: IREG2, MTP3 and ZIF1. IREG2 is involved in Fe-dependent Ni and Co 
sequestration into the vacuole (Schaaf et al., 2006;Morrissey et al., 2009). MTP3 acts in the 
vacuolar sequestration of Zn under conditions of high Zn influx into the roots, such as Fe 
deficiency and Zn excess (Kobae et al., 2004;Desbrosses-Fonrouge et al., 2005;Arrivault et 
al., 2006). ZIF1 transports nicotianamine, which is a major mineral chelator, into the vacuole 
(Haydon et al., 2012). Among the down-regulated genes in roots were also OPT3 and ZIP8. 
OPT3 encodes an oligopeptide transporter which loads Fe into the phloem facilitating its 
redistribution from mature to developing tissues (Mendoza-Cózatl et al., 2014;Zhai et al., 
2014), while ZIP8 encodes another ZIP-type transmembrane transporter, of which little is 
known in terms of mineral transport specificity (Milner et al., 2013). van de Mortel et al. 
(2006) described the up-regulation of ZIP8 in response to high Zn concentrations in roots 
of the A. thaliana accession Col-0. ZIP8 was also differentially expressed in the fit1 mutant 
in comparison to the wild-type A. thaliana (Colangelo and Guerinot, 2004). On the other 
hand, opposite to our findings Jain et al. (2013) reported that ZIP8 is up-regulated in both 
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shoots and roots of A. thaliana plants after seven days of growth under Zn deficiency.
The accessions general response to Zn deficiency at the early time point involved the up-
regulation of genes involved in carbohydrate metabolism (biosynthesis and catabolism) 
(Table S3) and the down-regulation of genes involved in carbohydrate biosynthesis (Table 
S5). Among the carbohydrate biosynthesis transcripts that were down-regulated in roots 
after 4 days was the gene THREHALOSE PHOSPHATASE (TPPH) (Table S5). TPPH encodes a 
threhalose-6-phosphate phosphatase which catalyzes the dephosphorylation of threalose-
6-phosphate (T6P) to the disaccharide threhalose (Cabib and Leloir, 1957). T6P has 
been shown to work as a signaling metabolite and plays a key role in regulating carbon 
assimilation and the sugar status of the plant (Ponnu et al., 2011;Nunes et al., 2013). Lunn et 
al. (2006) demonstrated that the plant levels of T6P reflected its sucrose status. Moreover, 
five genes encoding XYLOGLUCAN ENDOTRANSGLUCOSYLASE/HYDROLASE (XTH12, 13, 14 
and 26) were among the carbohydrate metabolism transcripts up-regulated in roots of the 
three A. thaliana accessions after 4 days (Table S3). Two roles have been proposed for the 
XTHs, (1) cell wall loosening enabling cell expansion and (2) addition of new xyloglucan 
molecules into the cell wall (Rose et al., 2002). We also found the gene SUS1 up-regulated 
in roots at 4 days. This gene encodes a sucrose synthase enzyme which catalyses the 
formation of UDP-glucose and is important for starch and cellulose biosynthesis in A. 
thaliana (Baroja-Fernández et al., 2012). The down-regulation of TPPH and up-regulation 
of XTHs and SUS1 in roots may indicate that in early stages after exposure to Zn deficiency 
plants induce changes in carbohydrate metabolism which may affect root growth.
We also found transcriptional changes in genes affecting glucosinolate metabolism. 
Glucosinolates are secondary metabolites which play a role in plants defense against 
herbivores and pathogens infection and are very abundant in species of the Brassicaceae 
family (Bones and Rossiter, 1996;van Dam et al., 2009). Genes involved in indole-
glucosinolate catabolism were up-regulated (Table S3) while genes involved in glucosinolate 
biosynthesis in general were down-regulated (Table S5). In the hyperaccumulator species 
Noccea caerulescens glucosinolates concentration increased upon exposure to high Zn, 
while in roots it decreased, possibly as a result of the increased metal concentration in 
tissues of this plant which can act itself in inhibiting herbivory (Tolrà et al., 2001;Noret et 
al., 2007). Herbette et al. (2006) also observed the decrease in expression level of genes 
involved in glucosinolates biosynthesis in A. thaliana plants exposed to high Cd. These 
authors proposed that because glucosinolates are rich in sulphur, when exposed to high 
Cd concentrations, plants prioritize the use of sulphur to produce phytochelatins which 
can bind Cd and help with preventing its toxic effect. On the other hand, van de Mortel 
et al. (2008) observed the up-regulation of two genes (MYB28 and CYP83A1) involved 
in glucosinolates biosynthesis in roots of A. thaliana plants exposed to Zn deficiency 
and high Cd. However, the down-regulation of transcripts involved in glucosinolates 
biosynthesis in A. thaliana in response to Zn deficiency has never been shown before. 
Further studies will be needed to elucidate the mechanism underlying this response.
3.2.2. Late root response to Zn deficiency
After 12 days 69 transcripts were significantly up-regulated in response to Zn deficiency in 
roots of all three A. thaliana accessions (Figure 2, Table S7). Transcripts in this set were involved 
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in cellular ketone, L-serine metabolism and ion transport (Table S8). Similarly to 4 days, we 
found several genes encoding Zn transmembrane transporters in this set (Table 2). Among 
these were: ZIP1, 3, 4, 5, 9, 12, IRT3, FRD3 and MTP2 previously demonstrated to be induced 
in response to Zn deficiency (Grotz et al., 1998;Wintz et al., 2003;Drager et al., 2004;Arrivault 
et al., 2006;van de Mortel et al., 2006;Lin et al., 2009;Assunção et al., 2010). The late root 
response to Zn deficiency also included the expression of NICOTIANAMINE SYNTHASE genes 
NAS2, 3 and 4 and HMA2. HMA2 encodes a plasma membrane transporter involved in loading 
Zn into the xylem by exporting it from adjacent root cells (Eren and Arguello, 2004;Hussain et 
al., 2004;Sinclair et al., 2007;Wong et al., 2009). A. thaliana has four NAS genes. NAS catalyses 
the last step of the nicotianamine (NA) synthesis. NA is able to chelate Zn and other metals 
forming metal-NA complexes, which can be transported through the phloem or xylem (Suzuki 
et al., 1999;Takahashi et al., 2003;Curie et al., 2009;Klatte et al., 2009;Haydon et al., 2012).
In the same samples, 40 transcripts were down-regulated upon Zn deficiency (Figure 2, 
Table S9). Based on the GO analysis the overrepresented biological processes associated 
with this set of transcripts were: response to Cu and Fe ion, cellular response to oxygen 
radical, response to hypoxia and anaerobic respiration (Table S10). Among Cu and Fe 
responsive transcripts were the genes FRO5 and COPT2. COPT2 is a high affinity Cu 
transmembrane transporter involved in Cu acquisition and distribution (Perea-Garcia 
et al., 2013), while FRO5 is thought to be a copper reductase (Bernal et al., 2012). Both 
genes have previously been described to be up-regulated in response to Fe and Cu 
deficiency (Bernal et al., 2012;Perea-Garcia et al., 2013), suggesting that Zn deficiency 
(indirectly) enhances Fe and Cu uptake through other ways than FRO5 and COPT2. 
After 12 days of Zn deficiency exposure the accessions response to oxidative stress in 
roots appears to be reduced, indicated by the transcriptional down-regulation of the Cu/
Zn superoxide dismutase genes CSD1 and CSD2. These genes encode proteins that protect 
plants against oxidative stress by catalysing the conversion of the reactive oxygen species 
(ROS) superoxide anion radical (O
2
-) to O
2
 and H
2
O
2
. Expression of these genes is controlled 
by the micro RNA 398 (Delledonne et al., 2001;Sunkar et al., 2006). These proteins both 
need Zn and Cu to function; Zn is part of the protein structure while Cu binds directly to 
the metallocenter enabling the catalysis reaction. CSD1 is predicted to be localized in the 
cytoplasm and CSD2 in the chloroplast (Krämer and Clemens, 2005). The down-regulation 
of CSD1 and 2 in response to Zn deficiency has also been shown in other studies using A. 
thaliana (Wintz et al., 2003;van de Mortel et al., 2006). We also found the gene CA2 down-
regulated in roots and shoots of the three A. thaliana accessions after 4 days under Zn 
deficiency. CA2 encodes a carbonic anhydrase enzyme which needs Zn as a co-factor and is 
important for photosynthesis (Li et al., 2013). These findings may indicate that the down-
regulation of the Cu/Zn superoxide dismutases and CA2 is part of a Zn economy mechanism 
in which under low Zn conditions Zn is remobilized from less essential Zn containing 
proteins to be used in more essential functions, such as transcription (Choi and Bird, 2014).
3.2.3. Early shoot response to Zn deficiency
Upon 4 days exposure to Zn deficiency, 121 transcripts were up-regulated in shoots of 
the three A. thaliana accessions (Figure 2, Table S11). The range of fold changes of the 
transcriptional up-regulation was much less wide than for early root responsive genes, 
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indicating that after 4 days, shoots did not appear to be much affected by Zn deficiency. 
The biological processes overrepresented in this set of genes were: starch catabolism, 
response to gibberellin and water deprivation (Table S12). Most affected was the stress 
responsive gene AT1G56300 encoding a heat shock protein. In this set we also found the 
genes IRT3 and PAP27 previously shown to be up-regulated in response to Zn deficiency 
(Table 3) (van de Mortel et al., 2006;Assunção et al., 2010). However, so far only IRT3 
has been functionally characterized as Zn transmembrane transporter (Lin et al., 2009). 
PAP27 encodes purple acid phosphate protein member of the metallo-phosphoesterases 
serine/threonine and its role in Zn homeostasis is not known (Li et al., 2002).
As in roots, changes in expression of genes involved in carbohydrate metabolism were 
observed. Genes regulating starch catabolism were up-regulated in shoots while in roots 
genes involved in carbohydrate metabolism were up-regulated and genes involved in 
carbohydrate biosynthesis were down-regulated. Among the genes involved in starch 
catabolism up-regulated in shoots at 4 days were ISA3, SEX4 and AMY3 shown to be essential 
for starch breakdown in leafs during the night (Delatte et al., 2005;Seung et al., 2013;Silver 
et al., 2013). The differential regulation of these genes in shoots and roots may indicate that 
in the early stages after exposure to Zn deficiency, plants increase the carbohydrate flow 
to the roots in order to promote their growth. The response to nutrient deficiencies with 
alterations in biomass allocation between root and shoot have been shown for nitrogen 
and phosphorus in other studies (as for a detailed review see Hermans et al. (2006)).
We found 71 transcripts significantly down-regulated in shoots of the three A. thaliana 
accessions after 4 days of exposure to Zn deficiency (Figure 2, Table 3 and S13). Genes involved 
in sequence specific DNA binding transcription were overrepresented in this set. Among 
these genes were members of the C2C2-Co-like TF family (Table S14), known to regulate the 
plant circadian clock and controls meristem identity (Griffiths et al., 2003). This family of TFs is 
composed by many Zn finger proteins which need Zn for their proper functioning. The down-
regulation of these TFs may indicate that they are one of the target molecules which have their 
regulation changed when the plant faces Zn deficiency and needs to switch to a Zn saving mode.
Similar as in roots, Fe deficiency responsive genes such as BHLH038, 39 and OPT3 were 
down-regulated in shoots, as well as other Fe homeostasis genes like FRO3 and NAS4. FRO3 
encodes a ferric reductase oxidase up-regulated under Cu and Fe deficiency in vascular 
tissues, and therefore hypothesized to be involved in Fe loading in the xylem or phloem 
(Mukherjee et al., 2006;Wu et al., 2007;Jeong and Connolly, 2009). Since NAS4 was up-
regulated in roots, its down-regulation in shoots was unexpected. It may indicate that 
the induction of these genes by the Zn deficiency treatment occurs only upon prolonged 
Zn deficiency. This hypothesis is supported by the role of the NA-metal complexes in 
the redistribution of Zn between tissues through the phloem (Takahashi et al., 2003).
3.2.4. Late shoot response to Zn deficiency
A much larger number of transcripts (327) was significantly up-regulated in shoots after 
12 days of exposure to Zn deficiency in the three A. thaliana accessions than in the other 
treatments (Figure 2, Table S15). This set of genes showed an overrepresentation of transcripts 
involved in cation transport, calcium ion homeostasis, nicotianamine biosynthesis, protein 
109
N
am
e
Co
de
Co
l-0
Co
l-0
Co
l-0
Ts
u-
0
Ts
u-
0
Ts
u-
0
Pa
-2
Pa
-2
Pa
-2
D
ec
ri
pti
on
U
p-
re
g.
- Z
n
+Z
n
FC
- Z
n
+Z
n
FC
- Z
n
+Z
n
FC
IR
T3
AT
1G
60
96
0
1.
97
0.
34
5.
72
25
.2
1
6.
29
4.
01
46
.7
3
8.
32
5.
62
IR
T3
, A
TI
RT
3,
 ir
on
 r
eg
ul
at
ed
 t
ra
ns
po
rt
er
 3
D
ow
n-
re
g.
- Z
n
+Z
n
FC
- Z
n
+Z
n
FC
- Z
n
+Z
n
FC
BH
LH
03
8
AT
3G
56
97
0
0.
07
13
.1
1
17
7.
10
0.
07
4.
07
60
.7
0
0.
94
15
.7
8
16
.7
1
BH
LH
03
8,
 O
RG
2,
 b
as
ic
 h
el
ix
-lo
op
-h
el
ix
 (b
H
LH
) D
N
A
-
bi
nd
in
g 
su
pe
rf
am
ily
 p
ro
te
in
BH
LH
03
9
AT
3G
56
98
0
0.
07
6.
45
98
.9
2
0.
03
2.
37
67
.9
6
0.
23
7.
93
34
.3
0
BH
LH
03
9,
 O
RG
3,
 b
as
ic
 h
el
ix
-lo
op
-h
el
ix
 (b
H
LH
) D
N
A
-
bi
nd
in
g 
su
pe
rf
am
ily
 p
ro
te
in
FR
O
3
AT
1G
23
02
0
13
.5
5
26
.4
8
1.
95
0.
90
8.
36
9.
26
4.
73
27
.4
7
5.
80
FR
O
3,
 fe
rr
ic
 r
ed
uc
ti
on
 o
xi
da
se
 3
O
PT
3
AT
4G
16
37
0
44
.8
9
77
.6
3
1.
73
41
.7
5
10
2.
50
2.
45
37
.2
1
11
7.
75
3.
16
AT
O
PT
3,
 O
PT
3,
 o
lig
op
ep
ti
de
 t
ra
ns
po
rt
er
N
AS
4
AT
1G
56
43
0
29
.5
1
49
.3
4
1.
67
28
.2
2
59
.9
7
2.
13
43
.6
3
10
4.
03
2.
38
AT
N
A
S4
, N
A
S4
, n
ic
oti
an
am
in
e 
sy
nt
ha
se
 4
Ta
bl
e 
3:
 G
en
es
 in
vo
lv
ed
 in
 Z
n 
an
d 
ot
he
r 
m
ic
ro
nu
tr
ie
nt
s 
ho
m
eo
st
as
is
 s
ig
ni
fic
an
tl
y 
up
- a
nd
 d
ow
n-
re
gu
la
te
d 
aft
er
 4
 d
ay
s 
of
 e
xp
os
ur
e 
to
 Z
n 
de
fic
ie
nc
y 
in
 s
ho
ot
s 
of
 t
he
 t
hr
ee
 A
. t
ha
lia
na
 a
cc
es
si
on
s 
(C
ol
-0
, T
su
-0
 a
nd
 P
a-
2)
. V
al
ue
s 
pr
es
en
te
d 
ar
e 
ab
so
lu
te
 g
en
e 
ex
pr
es
si
on
 u
nd
er
 Z
n 
de
fic
ie
nc
y 
(-
Zn
) a
nd
 s
uffi
ci
en
cy
 (+
Zn
) c
on
di
ti
on
s 
an
d 
th
e 
fo
ld
 c
ha
ng
e 
(F
C)
 in
 g
en
e 
ex
pr
es
si
on
 u
nd
er
 Z
n 
de
fic
ie
nc
y 
re
la
ti
ve
 to
 Z
n 
su
ffi
ci
en
cy
.
110
phosphorylation, secondary metabolism, defence response and response to abscissic acid 
(Table S16). Among the genes involved in cation transport were ZIP3, 4, 5, 9, 11 and 12, 
IRT3 and NAS2, 3 and 4 (Table 4), which were also up-regulated in roots after 4 and 12 days 
(Tables 1 and 2). While the idea initially was that these genes are mainly involved in Zn 
uptake in roots, they clearly have other functions in shoots, probably needed for the cellular 
Zn uptake or distribution of Zn upon xylem transport (López-Millán et al., 2004;Colangelo 
and Guerinot, 2006). Such would be also the function of the enhanced expression of YSL3. 
This gene acts in phloem loading and remobilization of Zn and Fe from senescing tissues to 
reproductive organs (Waters et al., 2006;Waters and Grusak, 2008). As in roots, upon 12 
days Zn deficiency the genes FRD3 and HMA2 were up-regulated in shoots. It also included 
FER1, which was not found before. This gene encodes a plastid localized ferritin involved in 
buffering Fe levels to prevent oxidative stress by sequestering the excess of free Fe2+ in the 
cytosol (Petit et al., 2001;Ravet et al., 2009). The observed late induction of these transcripts 
involed in Zn deficiency homeostasis in shoots in comparison to roots may indicate that roots 
response to the Zn deficiency treatment is faster due to its direct contact with the medium.
In total 170 transcripts were down-regulated in shoots of the three A. thaliana accessions after 
12 days of exposure to Zn deficiency (Figure 2, Table S17). In contrast to genes down-regulated 
in roots, there are no clear Fe homeostasis genes in this set, perhaps with exception of FRO4 
(Table 4). Although annotated as ferric reductase oxidase gene, FRO4 is transcriptionally 
highly responsive to Cu deficiency (Bernal et al., 2012). Overrepresented biological processes 
present in this cluster were: starch catabolism, defence response to fungi, response to glucose, 
response to abscissic acid and different stimulus (cold, light and water deprivation) (Table S18).
More pronounced than found in the genes down-regulated after 4 days under Zn deficiency, 
were changes in transcript abundance of genes involved in the control of the circadian 
rhythm and response to light. Among these genes were PRR3 and PRR5 both encoding 
pseudo-response regulator proteins involved in the control of flowering time (Para et al., 
2007;Nakamichi et al., 2012), as well as genes involved in circadian clock mediated control 
of flowering time such as FKF1, ELF3 and ELF4 (Lu et al., 2012;Song et al., 2012;Kim et al.). 
FKF1 regulates the timing of daylight and induction of flowering in plants grown under long-
day conditions (Ito et al., 2012;Song et al., 2012). ELF4 regulates the distribution inside the 
nucleus of a the protein GIGANTEA, which is a key component of the circadian clock in A. 
thaliana, contributing to the photoperiodic regulation of flowering time (Kim et al., 2013c). 
ELF3 encodes a protein involved in light input modulation and participates also of the 
circadian clock regulation, its mutation leads to early flowering, elongated hypocotyls and 
light-dependent arrhythmicity (Lu et al., 2012). This is interesting as one of the symptoms 
of Zn deficiency is the delay in flowering (Marschner, 1995;Broadley et al., 2007;Talukdar 
and Aarts, 2007). This could well be due to the down-regulation of these genes. Although 
plants were not yet flowering at the time of harvesting, a delay in flowering was indeed 
observed in other plants grown under similar Zn deficiency conditions (data not shown).
3.3. Core Zn deficiency responsive genes
From the accessions general Zn deficiency responsive genes we selected a core set of 
shoot and root Zn deficiency responsive genes which were significantly differentially 
expressed at both time points, so 4 and 12 days after exposure to Zn deficiency. In total 
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we identified 30 root Zn deficiency responsive core genes and 53 shoot genes (Figure 3 
and Table 5). We performed a hierarchical clustering to build heat maps representing the 
log
2
 fold changes (FC) in expression of these core Zn genes (Figure 4). Interestingly, we 
observed a change in behavior of the core Zn deficiency responsive genes between the 
time points; transcripts up-regulated after 4 days were down-regulated after 12 days and 
the other way around. This is mainly the case for shoot expressed genes, with only two 
out of 53 genes being up-regulated at 4 and 12 days of Zn deficiency. In roots more than 
a half of the core Zn deficiency responsive genes were up-regulated at both time points.
In roots the core Zn deficiency responsive genes had an overrepresentation of transcripts 
involved in Zn ion transmembrane transport, thiamine pyrophosphate binding and pyruvate 
decarboxylase activity (Table 5). Most of the 15 transcripts which were up-regulated 
in roots at both time points were involved in Zn ion transmembrane transport. Among 
these genes were several members of the ZIP family of transmembrane transporters 
(ZIP3, 4, 5, 9 and IRT3) and other known Zn deficiency responsive genes (FRD3, PAP27, 
AT1G20380), in line with previous studies (van de Mortel et al., 2006;Assunção et al., 2010).
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Core Zn deficiency responsive genes 
 
From the accessions general Zn deficiency responsive genes we selected a core set of shoot 
and root Zn deficiency responsive genes which were significantly differentially expressed at 
both time points, so 4 and 12 days after exposure to Zn deficiency. In total we identified 30 
root Zn deficiency responsive core genes and 53 shoot genes (Figure 3 and Table 5). We 
performed a hierarchical clustering to build heat maps representing the log2 fold changes (FC) 
in expression of these core Zn genes (Figure 4). Interestingly, we observed a change in 
behavior of the core Zn deficiency responsive  between the time points; transcripts up-
regulated after 4 days were down-regulated after 12 days and the other way around. This is 
mainly the case for shoot expressed genes, with only two out of 53 genes b ing up-regulated 
at 4 and 12 days of Zn deficiency. In roots more than a half of the core Zn deficiency 
responsive genes were up-regulated at both time points. 
 
Shoot – Core Genes 
4 days        12 days 
Root – Core Genes 
4 days       12 days 
  
Figure 3: Venn diagrams showing the core Zn deficiency responsive genes represented by the 
intersections between transcripts being significantly up- and down-regulated in shoots or 
roots of the three A. thaliana accessions (Col-0, Tsu-0, and Pa-2) after  4 and 12 days of 
exposure to Zn deficiency. The list of core genes is shown in Tables 5 and 6. 
  
Figure 3: Venn diagrams showing the core Zn deficiency responsive genes represented by 
the intersections between transcripts being significantly up- a d down-r gulated in shoots 
or roots of the three A. thaliana accessions (Col-0, Tsu-0, and Pa-2) after  4 and 12 days of 
exposure to Zn deficiency. The list of core genes is shown in Tables 5 and 6.
Among these genes were also three genes encoding defensin-like proteins (AT2G36255, 
AT4G11393 and AT5G33355). These genes had the highest fold change in expression when 
compared to the other genes in this set and were up-regulated in both time points (Figure 5, 
Table 5). Similarly to defensins, defensin-like proteins contain a N-terminal signal sequence and 
are composed of small cysteine-rich peptides. A. thaliana has 317 genes encoding defensin-
like proteins, while it has only 15 genes encoding defensins (Thomma et al., 2002;Silverstein 
et al., 2005;Silverstein et al., 2007). Members of both families of proteins have been shown 
to play a role in plant pathogen defence, abiotic and biotic stress response, symbiotic 
interactions and plant growth and development (for a detailed review see (De Coninck et al., 
2013). van de Mortel et al. (2006) also described the strong up-regulation of the defensin-
like gene AT5G33355 and other genes encoding defensins under Zn deficiency in A. thaliana 
roots. Mirouze et al. (2006) demonstrated that the defensin gene PDF1.1 is constitutively 
high expressed in the hyperaccumulator species A. halleri and its overexpression confer 
tolerance to high Zn levels in A. thaliana and yeast. The differential expression of defensin 
genes was also observed in response to Mo, Fe and K deficiency and drought (Armengaud et 
al., 2004;Buckhout et al., 2009;Ide et al., 2010;Des Marais et al., 2012). However, the exact 
role of defensin and defensin-like genes in plants response to abiotic stress is not known. 
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Figure 4: Heatmap showing the hierarchical clustering of the core shoot and root genes with 
a significant change in expression under Zn deficiency relative to Zn sufficiency in the three 
A. thaliana accessions (Col-0, Tsu-0 and Pa-2) at 4 and 12 days. Transcripts shown in red 
were up-regulated in response to the Zn deficiency treatment and transcripts shown in green 
were down-regulated. The colour key represents the log2 transformed relative expression 
levels of the genes ranging from -3 (up-regulated) to 3 (down-regulated) fold change. 
 
In roots the core Zn deficiency responsive genes had an overrepresentation of transcripts 
involved in Zn ion transmembrane transport, thiamine pyrophosphate binding and pyruvate 
decarboxylase activity (Table 5). Most of the 15 transcripts which were up-regulated in roots 
at both time points were involved in Zn ion transmembrane transport. Among these genes 
    Col-0      Tsu-0      Pa-2 Col-0      Tsu-0      Pa-2 Col-0      Tsu-0      Pa-2 Col-0      Tsu-0      Pa-2 
Color Key Color Key 
Figure 4: Heatmap showing the hierarchical clustering of the core shoot and root genes 
with a significant change in expression under Zn deficiency relative to Zn sufficiency in the 
three A. thaliana accessions (Col-0, Tsu-0 and Pa-2) at 4 and 12 days. Transcripts shown in 
red were up-regulated in response to the Zn deficiency treatment and transcripts shown 
in green were down-regulated. The colour key represents the log2 transformed relative 
expression levels of the genes ranging from -3 (up-regulated) to 3 (down-regulated) fold 
change.
Our findings show the involvement of defensin-like genes in the plant response to Zn 
deficiency, however further studies are necessary to elucidate their function in this process.
Most of the shoot core Zn deficiency responsive genes showed a drastic change in 
expression when comparing 4 and 12 days of Zn deficiency exposure (Figure 4, Table 6). 
Only one transcript, encoding an unknown protein (AT5G05250) had its expression levels 
down-regulated  hoots i  both time poi ts (Figure 5 and Table 6). van de Mortel t al. 
(2006) also found this gene being up-regulated in roots of A. thaliana plants exposed to high 
Zn concentration. Similarly, only two genes were up-regulated in both time points (IRT  and 
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PAP27), both of which appear to be under transcriptional control of bZIP19 and bZIP23, the 
two transcriptional factors involved in the Zn deficiency response in A. thaliana (van de Mortel 
et al., 2006;Assunção et al., 2010). In contrast to roots, we did not find other genes involved 
in Zn homeostasis being up-regulated in shoots in both time points, suggesting that shoots 
may take longer to sense and respond to the decrease in Zn levels caused by Zn deficiency. 
Prior to Zn deficiency exposure plants were grown hydroponically for 19 days under sufficient 
Zn supply enabling them to store Zn, mainly in the vacuoles and bound to other molecules. 
As the roots are in direct contact with the medium they are likely to rapidly sense the strong 
decrease in Zn availability and respond by up-regulating Zn transporters while remobilizing 
the stored Zn reserves. This would initially ensure the maintenance of the Zn flux from roots 
to shoots and may explain the delayed sensing of Zn deficiency in shoots compared to roots.
Plants exposed to Zn deficiency also showed alterations in genes regulating the plant 
circadian rhythm in shoots after 4 and 12 days. In shoots the early response to Zn deficiency 
involved the down-regulation of several genes belonging to the C2C2-CO-like or CONSTANS 
LIKE family. This family of genes is composed by zinc finger TFs, which some were shown 
to be involved in the control of the circadian clock and meristem identity in A. thaliana 
(Putterill et al., 1995;Andres and Coupland, 2012). Among the genes transcriptionally down-
regulated after 4 days of exposure to Zn deficiency were COL1 and COL2. Expression of 
these genes is regulated by the circadian clock with a peak in transcript levels around dawn 
(Ledger et al., 2001). After 12 days the genes LUX, ELF3, GRP7, WNK1, PRR3 and PRR5, 
which all have been shown to play a role in the regulation of the plant circadian clock and 
induction of flowering, were all down-regulated in shoots (Heintzen et al., 1997;Nakamichi 
et al., 2002;Streitner et al., 2008;Wang et al., 2008a;Helfer et al., 2011;Nagel and Kay, 
2012). In addition, the gene LHY, which encodes a myb-related TF involved in the control 
of the circadian rhythm was up-regulated after 4 days and down-regulate after 12 days 
in both roots and shoots (Schaffer et al., 1998;Fujiwara et al., 2008). These findings may 
indicate that the function of genes involved in Zn deficiency is dependent on the plant 
circadian rhythm. In support to this hypothesis other studies have shown that in A. 
thaliana genes involved in Fe homeostasis, such as YSL2, IRT1, FRO2, BHLH39 and FER1, 
have a circadian regulation of transcription (Vert et al., 2002;Schaaf et al., 2006;Hong et 
al., 2013). These authors proposed that the mechanism underlying this response reflected 
the requirement of energy supply for the nutrient transporters and subsequent metabolic 
pathways which is obtained from photoassimilates and coordinated by the circadian clock.
Regarding the changes in transcripts expression level under Zn deficiency, as expected, we 
did not have a significant increase in the expression of the Zn deficiency response regulators 
bZIP19 and bZIP23. These two TFs have been shown to regulate the expression of several 
members of the ZRT-IRT-like proteins (Assunção et al., 2010) and are hypothesized to initiate 
the response to Zn deficiency in A. thaliana by sensing the cellular Zn levels (Sinclair and 
Kramer, 2012;Assunção et al., 2013;Choi and Bird, 2014). Our findings support the Zn 
deficiency sensing mechanism proposed by Assunção et al. (2013) that these TFs are not 
up-regulated in response to Zn deficiency, but their levels are kept constant in the cell and 
they will only be activated or deactivated in response to changes in the Zn cellular levels.
Among the root and shoot core Zn deficiency responsive genes we found five genes in common 
when comparing roots with shoots. IRT3 was the only gene encoding a Zn transporter present 
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among these genes (Lin et al., 2009). It was up-regulated in both tissues and time points 
in the three A. thaliana accessions indicating that it may play a central role in the plants 
response to Zn deficiency. Other core Zn deficiency responsive genes overlapping between 
roots and shoots were AT2G15960 which encodes an unknown protein, AT4G01390 encoding 
a TRAF-like protein of unknown function, PAP27 and LHY. The genes encoding unknown 
proteins and the TRAF-like protein were up-regulated after 4 days and down-regulated after 
12 days in both tissues. PAP27 encodes a member of the metallo-phosphoesterases serine/
threonine phosphatase was up-regulated after 4 and 12 days in roots and shoots. PAP27 
was also shown by van de Mortel et al. (2006) and Assuncao et al. (2010) to be up-regulated 
under Zn deficiency. Phosphatases play a key role in signal transduction through protein 
phosphorylation by removing phosphate groups from the substrate (Luan et al. 2010). 
Although, there is no information about PAP27 function, in mammals PAP genes have been 
associated with Fe transport (Nuttleman and Roberts, 1990) and in plants with ascorbic 
acid biosynthesis (Wang et al., 2008b), ROS metabolism (del Pozo et al., 1999), degradation 
of cell wall components (Kaida et al., 2010) and phosphate starvation (Wang et al., 2011). 
Further studies are needed to validate its role in the Zn deficiency response in A. thaliana.
3.4. Model of the early and late Zn deficiency response in A. thaliana
Among the accessions general Zn deficiency responsive transcripts we identified several 
genes previously shown to be involved in Zn and other micronutrients homeostasis. 
However, the time frame change in expression of these genes is not known. Therefore, 
based on our results we propose a model of the transcriptional response to Zn deficiency 
in A. thaliana in roots and shoots after short and long term exposure to low Zn (Figure 5).
In roots the accessions early response to Zn deficiency was to promote Zn up-take by up-
regulating several Zn transmembrane transporters, such as ZIP2, 3, 4, 5, 9 and IRT3 (Grotz 
et al., 1998;van de Mortel et al., 2006;Lin et al., 2009;Milner et al., 2013). Root-to-shoot Zn 
translocation also seems to be induced shown by the up-regulation of FRD3 in roots at 4 days 
(Rogers and Guerinot, 2002;Durrett et al., 2007;Pineau et al., 2012). In addition, we found 
genes involved in the homeostasis of other micronutrients up-regulated; FRO5 involved in 
Cu reduction at the root surface and MOT1 which encodes a mitochondria Mo transporter 
(Tomatsu et al., 2007;Baxter et al., 2008a;Bernal et al., 2012). Furthermore, after short term 
exposure to Zn deficiency plants avoid the remobilization of Zn into the vacuoles in roots by 
down-regulating genes encoding proteins localized in the tonoplast (ZIF1, MTP3 and IREG2) 
(Arrivault et al., 2006;Schaaf et al., 2006;Haydon and Cobbett, 2007;Morrissey et al., 2009).
After short term exposure to Zn deficiency accessions also reduced the up-take of Fe in 
roots and its translocation and distribution in shoots. We found several genes involved in Fe 
deficiency response down-regulated in roots and shoots of the three A. thaliana accessions 
studied after 4 days under Zn deficiency. The Fe deficiency responsive genes BHLH38, 39, 100 
and 101, IRT1 and FRO2 were down-regulated in roots and BHLB38 and 39 in shoots after 4 
days under low Zn (Robinson et al., 1999;Henriques et al., 2002;Vert et al., 2002;Colangelo 
and Guerinot, 2004;Yuan et al., 2008;Wang et al., 2013a). The gene OPT3 which is involved 
in Fe signaling and loading into phloem was also down-regulated in both roots and shoots 
at 4 days (Mendoza-Cózatl et al., 2014;Zhai et al., 2014). In addition, in shoots we observed 
the down-regulation of the genes FRO3 and NAS4, both known to be mediate the transport 
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Figure 5: Model showing the early (A) and late (B) general response to Zn deficiency in 
the three A. thaliana accessions studied. In this figure we only show transcripts already 
described by other authors as being involved in Zn and other micronutrients homeostasis. 
Transcripts up-regulated are represented in red; and down-regulated in blue.
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of Fe through vascular tissues (Wintz et al., 2003;Klatte et al., 2009;Stein and Waters, 2012).
The down-regulation of several genes involved in Fe homeostasis in both roots and 
shoots after 4 days highlights the strong crosstalk between the Fe and Zn homeostasis 
mechanisms previously observed in other studies (van de Mortel et al., 2006;Shanmugam 
et al., 2013). The changes in Fe concentration when plants are exposed to Zn deficiency 
is probably a result of the up-regulation of Zn transmembrane transporters, such as IRT3, 
ZIP3, 11 and 12, under Zn deficiency which can also uptake Fe and other divalent cations 
(Lin et al., 2009;Yang et al., 2010;Milner et al., 2013;Shanmugam et al., 2013). Moreover, 
the down-regulation of Fe deficiency genes after 4 days in both roots and shoots may 
indicate that the signaling pathway of Fe homeostasis genes is faster and more tightly 
controlled than the Zn signaling pathway. This mechanism indicates that plants are 
able to cope with a larger variation in Zn concentration, whereas large variation in Fe 
concentration is avoided with the tight regulation of Fe transporters. In support to this 
hypothesis, Baxter et al. (2008b) demonstrated that when plants are supplied with low Fe 
concentrations Fe transporters are strongly up-regulated and their shoot Fe concentration 
do not change in comparison to the plants grown under Fe sufficiency conditions.
Long term exposure to Zn deficiency induced the up-regulation of several members of the 
ZRT-IRT-like protein family of Zn transmembrane transporters in both roots (ZIP1, 3, 4, 5, 
9 and 12 and IRT3) and shoots (ZIP3, 4, 5, 9, 11 and 12 and IRT3) (Grotz et al., 1998;Lin et 
al., 2009). The late response to Zn deficiency also resulted in the increased Zn loading into 
the xylem shown by the up-regulation of HMA2 in both roots and shoots at 12 days (Eren 
and Arguello, 2004;Hussain et al., 2004;Sinclair et al., 2007;Wong et al., 2009). Plants also 
induced translocation and re-distribution of Zn between tissues demonstrated by the up-
regulation of the NAS genes (NAS2, 3 and 4) in roots and shoots and the metal-NA complex 
transporter YSL3 in shoots (Suzuki et al., 1999;Waters et al., 2006;Waters and Grusak, 2008).
The accessions late response to Zn deficiency resulted in the differential regulation of transcripts 
involved in Fe and Cu uptake and transport. However, this response was weaker than what we 
observed at the early time point after exposure to Zn deficiency. In roots the genes FRO5 and 
COPT2, both known to be up-regulated in response to Cu deficiency, were down-regulated 
(Bernal et al., 2012;Perea-Garcia et al., 2013). In shoots we observed the down-regulation of 
the Cu deficiency responsive gene FRO4 (Bernal et al., 2012), while the gene FER1 which is 
postulated to be involved in the buffering of Fe levels in the citosol was up-regulated (Ravet 
et al., 2009). Similarly to what we observed for Fe, the down-regulation of Cu homeostasis 
genes may reflect the indirect increase of Cu concentration in plants exposed to Zn deficiency 
as a result of the increased expression of Zn up-take genes which can also take-up Cu, such 
as ZIP4 (Grotz et al., 1998;Wintz et al., 2003;Assunção et al., 2010;Shanmugam et al., 2013).
4. Conclusion
Our research shows for the first time the pattern of expression over time of the major genes 
involved in Zn deficiency homeostasis. The genes NAS2, 3 and 4 play a key role in the late 
response to Zn deficiency in roots and shoots. IRT3 is the only Zn deficiency responsive 
gene up-regulated in shoots and roots in both time points studied. We also provide strong 
evidence of the crosstalk between the mechanisms involved in Zn and Fe homeostasis. 
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Gene Primer Orientation Primer Sequence (5’ – 3’)
ZIP4
Forward GGCTGCATCTCTCAGGCACA
Reverse GGCCACTGCAGTTCCAATCC
FRD3
Forward ATGGGCTACTATTGCTGG
Reverse AAGACCATCATTGAGAAGAG
EF1-α
Forward CACATTTTCGTAGCCGCAAGACTCC
Reverse GATGACACGCTTGTCAATACCACC
Table S1: Sequences of the oligonucleotides used as primers for the qRT-PCR.
Furthermore, we show that the general response to Zn deficiency in the three A. thaliana 
accessions studied result in changes in carbohydrate metabolism, glucosinolate biosynthesis 
and in the control of the circadian clock. We propose that a Zn economy response also 
takes place under Zn deficiency based on the differential regulation of genes involved in 
the scavenging of ROS and Zn finger proteins. Finally, we provide further evidence that 
defensin-like proteins play a role in Zn homeostasis and indicate that PAP27 is a promising 
candidate gene for future studies of the Zn deficiency homeostasis network in A. thaliana.
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Trait Tretment (Root) Tretment (Shoot)
ZIP4_Tsu-0_6 hours F
1,1
= 0.301 P = 1.409 F
1,1
= 62.877 P = 0.001
ZIP4_Tsu-0_24 hours F
1,1
= 83.030 P = 0.001 F
1,1
= 52.987 P = 0.002
ZIP4_Tsu-0_4 days F
1,1
= 159.578 P = 0.000 F
1,1
= 18.200 P = 0.013
ZIP4_Tsu-0_6 days F
1,1
= 6093.105 P = 0.000 F
1,1
= 136.307 P = 0.000
ZIP4_Pa-2_6 hours F
1,1
= 3.864 P = 0.121 F
1,1
= 198.364 P = 0.000
ZIP4_Pa-2_24 hours F
1,1
= 13.174 P = 0.022 F
1,1
= 10.223 P = 0.033
ZIP4_Pa-2_4 days F
1,1
= 76.627 P = 0.001 F
1,1
= 3.244 P = 0.146
ZIP4_Pa-2_6 days F
1,1
= 80.194 P = 0.001 F
1,1
= 1024.135 P = 0.000
ZIP4_Col-0_6 hours F
1,1
= 12.472 P = 0.024 F
1,1
= 26.785 P = 0.007
ZIP4_Col-0_24 hours F
1,1
= 51.283 P = 0.002 F
1,1
= 2.323 P = 0.202
ZIP4_Col-0_4 days F
1,1
= 8.338 P = 0.045 F
1,1
= 2.121 P = 0.219
ZIP4_Col-0_6 days F
1,1
= 1428.004 P = 0.000 F
1,1
= 80.603 P = 0.001
FRD3_Tsu-0_6 hours F
1,1
= 30.418 P = 0.005 F
1,1
= 39.504 P = 0.003
FRD3_Tsu-0_24 hours F
1,1
= 40.699 P = 0.003 F
1,1
= 183.435 P = 0.000
FRD3_Tsu-0_4 days F
1,1
= 0.519 P = 0.511 F
1,1
= 0.982 P = 0.378
FRD3_Tsu-0_6 days F
1,1
= 470.081 P = 0.000 F
1,1
= 80.476 P = 0.001
FRD3_Pa-2_6 hours F
1,1
= 125.195 P = 0.000 F
1,1
= 2.243 P = 0.209
FRD3_Pa-2_24 hours F
1,1
= 41.142 P = 0.003 F
1,1
= 0.087 P = 0.782
FRD3_Pa-2_4 days F
1,1
= 49.762 P = 0.002 F
1,1
= 5.281 P = 0.083
FRD3_Pa-2_6 days F
1,1
= 1.900 P = 0.240 F
1,1
= 144.055 P = 0.000
FRD3_Col-0_6 hours F
1,1
= 73.643 P = 0.001 F
1,1
= 22.082 P = 0.009
FRD3_Col-0_24 hours F
1,1
= 72.927 P = 0.001 F
1,1
= 35.724 P = 0.004
FRD3_Col-0_4 days F
1,1
= 23.820 P = 0.008 F
1,1
= 9.879 P = 0.035
FRD3_Col-0_6 days F
1,1
= 87.221 P = 0.001 F
1,1
= 252.950 P = 0.000
Table S2: Results of the one-way ANOVA analysis performed for gene expression ΔCT 
values for ZIP4 and IRT3 in roots and shoots of the three A. thaliana accessions (Tsu-0, Pa-2 
and Col-0) to test for significant differences between treatments in each time point studied. 
Analyses were performed separately for each accession, tissue and time point, with a cut-
off for significance of p < 0.05.
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5. Natural variation reveals Arabidopsis thaliana accession specific 
responses to Zn deficiency at the transcriptional level
Ana Carolina A. L. Campos, Edouard Severing, David E. Salt, Mark G. M. Aarts
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Abstract
Zn deficient soils are a widespread problem around the world leading to severe yield 
losses for crops which also have a reduced amount of Zn. The understanding of how plants 
respond to Zn deficiency at the transcriptional level is of paramount importance for studies 
aiming to increase plants tolerance to Zn deficiency and Zn concentration in the plants 
edible parts for biofortification purposes. Arabidopsis thaliana is a genetic model plant 
species widely used in molecular genetics studies which was used as a reference in our 
study. Some of the genes controlling the Zn deficiency homeostasis in plants have been 
identified in other studies which focused in one A. thaliana accession. However, little is 
known about differences between accessions with contrasting levels of tolerance to Zn 
deficiency at the transcriptional level in response to low Zn conditions. With the purpose of 
filling this gap, in this study we analyzed the response to Zn deficiency at the whole genome 
transcriptome level in roots and shoots at 4 and 12 days after exposure to Zn deficiency in 
three A. thaliana accessions with contrasting levels of Zn deficiency tolerance. With this 
approach we were able to identify genes and potential mechanisms causing the differences 
in Zn deficiency tolerance between the three accessions. We also found new candidate 
genes potentially involved in Zn homeostasis in A. thaliana, such as the cell wall protein 
kinase WAKL4 gene. Finally, we show the involvement of transposons, retrotransposons 
and changes in chromatin structure in the control of gene expression when plants are 
exposed to Zn deficiency stress. This suggests that epigenetic changes are part of the plants 
adaptation response when exposed to abiotic stress conditions such as Zn deficiency.
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1. Introduction
Zn is an essential micronutrient for plants and animals, playing a role in several biological 
processes (Marschner, 1995;Krämer and Clemens, 2005). Because of its biochemical 
properties Zn is the only metal present in the structure of all six enzyme classes (Grotz 
and Guerinot, 2006;Broadley et al., 2007). Zn plays a key role in photosynthesis and carbon 
metabolism, regulation of gene expression and protein synthesis, regulation of auxin levels 
and protection against reactive oxygen species (ROS) (Marschner, 1995;Cakmak, 2000;Palmer 
and Guerinot, 2009;Sinclair and Kramer, 2012). Plants facing Zn deficiency show reduced 
growth, leaf clhorosisis and necrotic spots, increased susceptibility to pathogens infections 
and injuries by high light intensity and temperature (Marschner, 1995;Cakmak, 2000).
Zn deficient soils are wide-spread over the world being one of the major causes of agronomic 
losses and resulting in low Zn intake by humans through the consumption of staple food 
with a low content of Zn (Cakmak, 2007;Alloway, 2009). In humans and higher animals 
Zn concentrations in the blood do not decrease in proportion to the Zn deficiency level. 
Alternatively, as a mechanism of protection Zn deficiency induces a reduction in growth 
to maintain the Zn levels (Alloway, 2009). Other effects of Zn deficiency in humans are 
impairment of the immune system and brain function (Cakmak, 2007). Efforts to enhance 
the Zn content and availability in staple food crops to decrease Zn deficiency in humans 
have been made through initiatives such as HarvestPlus (http://www.harvestplus.org/).
Plants regulate their internal Zn concentration to an optimal level through a process 
named Zn homeostasis. In nature due to differences in environmental conditions where 
they grow, some plant varieties may be able to perform better than others when facing 
Zn deficiency by adopting different strategies to regulate their internal Zn homeostasis. 
At the transcriptional level various genes have been demonstrated to play a role in the 
process of Zn deficiency homeostasis in plants (for a detailed review see Sinclair and Krämer 
(2012)). Previous studies used microarrays to detect genes induced in response to low Zn 
in Arabidopsis thaliana (Wintz et al., 2003;Talke et al., 2006;van de Mortel et al., 2006;van 
de Mortel et al., 2008;Assunção et al., 2010). However, they focused on only one A. 
thaliana accession (Col-0) and often examined only a single time point. Hence, differences 
in the response to Zn deficiency at the transcriptional level between different A. thaliana 
accessions with contrasting levels of Zn deficiency tolerance have not yet been investigated. 
The importance of such study is supported by the large differences observed between 
A. thaliana accessions at the gene expression level when exposed to stress conditions 
or other treatments (Delker et al., 2010;Des Marais et al., 2012;Wang et al., 2013c).
In this study we used RNA sequencing to obtain the complete transcriptome profile of 
three A. thaliana accessions with different abilities to tolerate Zn deficiency in order to 
identify genes which may be involved in the accessions’ specific response to Zn deficiency 
and genes which explain the observed differences in Zn deficiency tolerance between the 
studied accessions. For our study we used three A. thaliana accessions (Col-0, Tsu-0 and 
Pa-2). Previous research has shown that when exposed to Zn deficiency, Tsu-0 has a small 
decrease in shoot biomass in comparison to the other accessions and was thus considered 
to be more tolerant to Zn deficiency (chapter 2). On the other hand, the accession Pa-2 
showed a dcrease up to 40% in shoot biomass when exposed to Zn deficiency, and was 
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thus considered to be more sensitive to Zn deficiency (chapter 2). Col-0 is the most studied 
A. thaliana accession, being widely used as a reference genotype, which we did as well. 
The identification of accession specific processes related to differences in Zn deficiency 
tolerance may reveal different adaptive strategies used by these accessions in order to 
survive certain environmental conditions and stresses. In this study we focused on the 
accessions’ specific sets of genes which had a significant change in expression in response to 
Zn deficiency in only one of the accessions studied. In order to identify the overrepresented 
biological process regulated by the accession specific transcripts we performed a gene 
ontology enrichment analysis. Our findings show that some of the biological processes 
controlled by accession specific transcripts were also present in the accessions’ general 
response to Zn deficiency described in chapter 4. In addition, we observed an overlap 
between the biological processes controlled by different sets of accession specific transcripts. 
We also show that the differences in Zn deficiency tolerance between the accessions may 
result from the accessions’ specific differential regulation of transcripts involved in stress 
and defence response, hormone signalling pathways, carbohydrate metabolism and 
cell death. Furthermore, we found genes encoding transposases and antisense silencing 
elements being strongly up and down-regulated in response to Zn deficiency in Tsu-0 
roots and Pa-2 shoot and roots. Col-0 also induced the expression of transcripts involved 
in histone modification in roots. This indicates that the Zn deficiency stress induces 
epigenetic changes in gene expression regulation in an accession dependent manner, 
which could be important for adaptation under stress conditions, such as nutrient shortage.
 
2. Material and Methods
2.1. Zn deficiency phenotypic characterization
Three A. thaliana accessions (Tsu-0, Pa-2, and Col-0) were selected as described in chapters 
2 and 4 and used for both shoot and root growth and ionome profile analysis. Plant 
growth conditions were the same as described in chapter 2. The three A. thaliana were 
grown hydroponically under Zn sufficiency (2µM ZnSO
4
) for 19 days. After that half of the 
plants were transferred to the Zn deficiency (0.05µM ZnSO
4
) and the other half to the Zn 
sufficiency (2µM ZnSO
4
) treatment to grow for more 16 days. The experiment lasted for 
5 weeks in total. Shoots and roots were harvested and dried for 72 hours at 60 oC, dry 
biomass was measured and the same samples were used for ionome profile analysis as 
described in chapter 2. We used the relative change in shoot and root biomass and Zn 
concentration in response to the Zn deficiency treatment and Zn usage index (ZnUI) to 
evaluate the accessions tolerance to Zn deficiency (Siddiqi and Glass, 1981;Good et al., 
2004). ZnUI for shoot and root tissue was calculated based on the following formula:
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Statistical analysis 
For shoot and root dry weight (SDW and RDW), elemental concentrations and Zn content we 
performed a two-way ANOVA analysis to test for significant differences between treatments, 
accessions and the interaction between treatment and accessions. For elements concentration 
we performed a Benjamini-Hochberg multiple comparisons correction of the P values. To test 
for significant differences between accessions for the traits relative decrease in shoot and root 
dry weight, Zn concentration, Zn content and ZnUI we performed a one-way ANOVA 
analysis. If significant differences were observed we did a Tukey’s HSD post-hoc test with a 
cut-off level of significance of 0.05. 
 
RNA sequencing 
For the RNA sequencing experiment the three A. thaliana accessions (Col-0, Tsu-0 and Pa-2) 
selected were initially grown hydroponically for 19 days at sufficient Zn supply (2 µM 
ZnSO4) before being transferred to Zn deficient medium (0.05 µM ZnSO4) or kept on 
medium with sufficient Zn (2 µM ZnSO4). Shoots and roots were harvested at 4 and 12 days 
2.2. Statistical analysis
For shoot and r t dry weight (SDW and RDW), elemental concentrations and Zn content 
we performed a two-way ANOVA analysis to test for significant differences between 
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treatments, accessions and the interaction between treatment and accessions. For 
elements concentration we performed a Benjamini-Hochberg multiple comparisons 
correction of the P values. To test for significant differences between accessions for 
the traits relative change in shoot and root dry weight, Zn concentration, Zn content 
and ZnUI we performed a one-way ANOVA analysis. If significant differences were 
observed we did a Tukey’s HSD post-hoc test with a cut-off level of significance of 0.05.
2.3. RNA sequencing
For the RNA sequencing experiment the three A. thaliana accessions (Col-0, Tsu-0 and Pa-
2) selected were initially grown hydroponically for 19 days at sufficient Zn supply (2 µM 
ZnSO
4
) before being transferred to Zn deficient medium (0.05 µM ZnSO
4
) or kept on medium 
with sufficient Zn (2 µM ZnSO
4
). Shoots and roots were harvested at 4 and 12 days after 
transference to the Zn deficiency and sufficiency treatments. These time points were selected 
based on a detailed time point gene expression analysis of the genes ZIP4 (AT1G10970) and 
FRD3 (AT3G08040) using these three accessions as described in chapter 4. At each time 
point three biological replicates of each accession were harvested. One biological replication 
consisted of three plants pooled (shoots and roots separate). Samples were immediately 
ground in liquid nitrogen and stored at -80 °C for RNA extraction. Total RNA was extracted 
using the RNeasy Plant Mini Kit (Qiagen®), following the manufacturer’s instructions. RNA 
concentration was measured with a Qubit and a total 3µg RNA was used for the next steps. 
The cDNA library was prepared according to the Illumina TrueSeq RNA using the cBot and 
Single Read Clustering chemistry V.3 of Illumina (www.illumina.com). Sequencing of 100 
nucleotides reads plus 6 nucleotides index reads was done using Illumina HiSeq2000 flow-cells.
The Illumina reads of Col-0 and Pa-2 were mapped against the Col-0 genome version 
TAIR10 (www.arabidopsis.org) using TopHat 2 (Kim et al., 2013a) with the following set 
of parameters: minimum intron length 50; maximum intron length 11.000; maximum 
multi-hits 1; maximum edit distance 5; maximum number of mismatches 5; pre-filter 
multi-hits. The Illumina reads of Tsu-0 were mapped against the reference genome 
of Tsu-0 (Gan et al., 2011) also using TopHat 2 with the same parameters setting. Gene 
expressions levels (FPKM) were determined using Cufflinks 2 (Trapnell et al., 2010). 
Differential expression analyses were performed using the Cuffdif 2 program included in the 
Cufflinks 2 package. Significant difference in gene expression under Zn deficiency relative 
to the Zn sufficiency treatment was set to p-value cutoff level lower or equal to 0.05. 
We used three methods to select sets of genes with a significant change in expression under 
Zn deficiency which reflected the accessions’ specific response to Zn deficiency of each A. 
thaliana accession used in this study. First we selected the ‘accessions specific Zn deficiency 
responsive genes’ based on transcripts which had a significant fold change (FC) in expression 
(p value < 0.05) under Zn deficiency in only one accession, organ and time point. Thus, 
some of the accession specific transcripts also appeared as significant in another accession 
considering the same organ but at a different time point. These transcripts were excluded 
from the accession specific lists of genes. Transcripts that were up- or down-regulated 
were analyzed separated. In the second method we selected the ‘accession specific core Zn 
deficiency responsive genes’ correspondent to transcripts present in the ‘accession specific 
Zn deficiency responsive genes’ set with a significant change in expression in both time 
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points studied (4 and 12 days). For this second set of genes we considered transcripts up- 
or down-regulated together. Finally, to identify accession specific sets of transcripts with 
a strong change in expression in response to the Zn deficiency treatment we performed a 
hierarchical clustering analysis using genes with significant change in expression between 
treatments in at least one of the A. thaliana accessions. Genes were partitioned into 30 
clusters based on their foldchanges using the kmeans function from amap package for R 
(http://www.r-project.org/). The kmeans clustering was performed using the euclidean 
distance measure. The hierarchical clustering analysis delineated associated gene groups 
with similar expression profiles in all accessions across the two studied time points in 
each organ. Clusters of genes showing the same expression response in each plant organ 
and strong differential regulation (Log
2
 FC>2.0) for only one accession were selected.
In order to obtain more information on the biological processes in which the genes 
regulating the accessions specific response to Zn deficiency may be involved we performed 
a gene ontology (GO) enrichment analysis for each gene set selected. The GO enrichment 
analysis was performed using the Biomaps software available from the Virtual Plant 
website (http://virtualplant.bio.nyu.edu/cgi-bin/vpweb/) (Katari et al., 2010), using the 
Fischer Exact Test with false discovery rate (FDR) correction and a p-value cutoff of 0.01.
 
3. Results and Discussion
3.1. Zn deficiency phenotypic characterization
In order to confirm the differences in Zn deficiency tolerance between the three A. thaliana 
accessions (Tsu-0, Col-0 and Pa-2) selected for the RNA sequencing analysis based on previous 
results shown in chapter 2 we performed a detailed phenotypic characterization of these 
accessions in response to Zn deficiency. After five weeks all accessions showed visible Zn 
deficiency symptoms in the shoot such as, leaf chlorosis, necrotic spots and curling (Figure 1).
As expected we found a significantly lower shoot dry weight (SDW) and lower Zn 
concentrations for the three A. thaliana accessions under Zn deficiency in comparison to 
Zn sufficiency (Table S2, Figure 2A and B). However, we found no significant differences 
between accessions for Zn concentration in either treatment. Accession Tsu-0 had a 
significant higher SDW than Pa-2 under Zn deficiency and Col-0 and Pa-2 under Zn 
sufficiency (Table S1 and S2, Figure 2A), but we found no significant difference between the 
accessions for change in SDW, Zn concentration or total Zn content in response to the Zn 
deficiency treatment (Table S3, Figure 2C, D and E). The accession Tsu-0 had a significantly 
higher ZnUI under Zn deficiency in comparison to Col-0 and Pa-2, which indicates that 
under Zn deficiency Tsu-0 is able to produce a larger amount of shoot biomass per unit 
of Zn concentration (Tables S1 and S2, Figure 2F) similarly to our findings in chapter 2.
The largest differences between the accessions were observed when examining roots. 
Similar to shoots, all accessions had a significantly lower Zn concentration in roots under 
Zn deficiency in comparison to sufficient Zn (Tables S1 and S2, Figure 3B) and showed no 
significant difference between accessions for root Zn concentration under Zn deficiency 
(Table S1, Figure 3B). On the other hand, the Zn concentration of Pa-2 roots under Zn 
sufficiency was significantly lower in comparison to Tsu-0 and Col-0 (Table S1, Figure 
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A                          Control B                  Zn Deficiency 
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Figure 1: Representative example of plants grown for 4 and 5 weeks in hydroponic solution 
under Zn sufficiency (2 µM ZnSO4) (A) and Zn deficiency (0.05 µM ZnSO4) (B) conditions. 
The two first columns correspond to Pa-2, columns 3 and 4 to Tsu-0 and columns 5 and 6 to 
Col-0. 
Figure 1: Representative example of plants grown for 4 and 5 weeks in hydroponic solution 
under Zn sufficiency (2 µM ZnSO4) (A) and Zn deficiency (0.05 µM ZnSO4) (B) conditions. 
The two first columns correspond to Pa-2, columns 3 and 4 to Tsu-0 and columns 5 and 6 to 
Col-0.
3B), thought this only had a marginal effect on RDW. In addition, Pa-2 had a significantly 
smaller decrease in root Zn concentration than Col-0 and Tsu-0 (Table S3, Figure 3D). This 
means that Pa-2 needs less Zn in roots under Zn sufficient conditions, but resembles Tsu-
0 under Zn deficient conditions. Col-0, on the other hand, appears to be very tolerant to 
Zn deficiency in terms of change in RDW (Figure 3C, Tables S1 and S3). This investment in 
root system growth can be an attractive trait under Zn deficiency, as it will allow Col-0 to 
scavenge more Zn under Zn depletion and potentially be able to maintain growth. The root 
ZnUI under Zn deficiency was consequently also highest for Col-0, though the differences 
between the accessions were not statistically significant (Figure 3F; Table S1 and S2).
Knowing shoot and root traits, we analysed the allocation of biomass in these plants under Zn 
deficient and sufficient conditions (Figure 4, Table S2). This shows that Col-0 and Pa-2 invested 
more in root growth under Zn deficiency than Zn sufficiency and that this investment was 
also higher compared to Tsu-0, with a significantly higher root/shoot ratio. However, while 
Col-0 had a very small decrease in root biomass under Zn deficiency, Pa-2 still showed a 40% 
decrease in root biomass. This may indicate that in order to have a larger root system under 
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Figure 2: Shoot traits of the three A. thaliana accessions grown hydroponically for 5 weeks 
under control (Zn sufficiency - 2 µM ZnSO4) and Zn deficiency (0.05 µM ZnSO4) conditions. 
Shoot dry weight (A); Zn concentration (B); and the changes in SDW (C); Zn concentration 
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Figure 2: Shoot traits of the three A. thaliana accessions grown hydroponically for 5 weeks 
under control (Zn sufficiency - 2 µM ZnSO4) d Zn deficiency (0.05 µM ZnSO4) conditions. 
Shoot dry weight (A); Zn concentration (B); and the change in SDW (C); Zn concentration 
(D); and total Zn content (E) under Zn deficiency relative to the Zn sufficiency treatment 
were determined as well as the shoot Zn usage index (g2.µg-1) (F). Data represent the mean 
of twelve biological replicates per genotype ± standard error of the mean (SE). Lower 
case letters indicate statistically different groups using one-way or two-way ANOVA with 
groupings by Tukey’s HSD and a 95% confidence interval.
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Figure 3: Root traits of the three A. thaliana accessions grown hydroponically for 5 weeks 
under control (Zn sufficiency - 2 µM ZnSO4) and Zn deficiency (0.05 µM ZnSO4) conditions. 
Root dry weight (A); Zn concentration (B); and the changes in RDW (C); Zn concentration 
(D); and total Zn content (E) under Zn deficiency relative to the Zn sufficiency treatment were 
determined, as well as the root Zn usage index (g2.µg-1) (F). Data represent the mean of 
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Figure 3: Root traits of the three A. thaliana accessions grown hydroponically for 5 weeks 
under control (Zn sufficiency - 2 µM ZnSO4) and Zn deficiency (0.05 µM ZnSO4) conditions. 
Root dry weight (A); Zn concentration (B); and the change in RDW (C); Zn concentration 
(D); and total Zn content (E) under Zn deficiency relative to the Zn sufficiency treatment 
were determined, as well as the root Zn usage index (g2.µg-1) (F). Data represent the mean 
of twelve bi logical replicates per genotype ± SE. Lower case l tters indicate statistically 
different groups using one-way or two-way ANOVA with groupings by Tukey’s HSD and a 
95% confidence interval.
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Zn deficiency Pa-2 reduces its shoot growth much more than Col-0. In support to this, Pa-2 
had the strongest decrease in SDW in response to the Zn deficiency treatment in comparison 
to Tsu-0 and Col-0. On the other hand, the accession Tsu-0 had a similar root/shoot ratio 
under both Zn deficiency and sufficiency conditions. This indicates that Tsu-0 is able to 
maintain the balance of root and shoot growth even when exposed to low Zn conditions. The 
differences in shoot and root biomass reduction observed between the three accessions in 
response to the Zn deficiency treatment may reflect differences in their capacity of tolerating 
the side-effects of the Zn deficiency treatment, such as oxidative stress (Cakmak, 2000).
3.2. Ionome profiling in response to Zn deficiency
With the purpose of identifying changes in other element concentrations as a result of 
the Zn deficiency treatment or differences in element concentrations between the three 
A. thaliana accessions we determined the shoot and root ionome profile of plants grown 
under Zn deficiency and sufficiency conditions (Figures 5 and 6). For shoots we found a 
significant effect of the Zn deficiency treatment on the concentrations of Mg, P, S, Mn, Fe 
(increased), Na, K, Cu and Zn (decreased) (Table S4). In roots we observed a significant effect 
of the Zn deficiency treatment on the concentrations of Mg, P, Fe, Cu, Zn and S (Table S5).
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twelve biological replicates per genotype ± SE. Lower case letters indicate statistically 
different groups using one-way or two-way ANOVA with groupings by Tukey’s HSD and a 
95% confidence interval. 
 
Knowing shoot and root traits, we analysed the allocation of biomass in these plants under Zn 
deficient and sufficient conditions (Figure 4, Table S2). This shows that Col-0 and Pa-2 
invested more in root growth under Zn deficiency than Zn sufficiency and that this investment 
was also higher compared to Tsu-0, with a significantly higher root/shoot ratio. However, 
while Col-0 had a very small decrease in root bi mass u der Zn defic ency, Pa-2 still showed 
a 40% decrease in root biomass. This may indicate that in order to have a larger root system 
under Zn deficiency Pa-2 reduces its shoot growth much more than Col-0. In support to this, 
Pa-2 had the strongest decrease in SDW in response to the Zn deficiency treatment in 
comparison to Tsu-0 and Col-0. On the other hand, the accession Tsu-0 had a similar 
root/shoot ratio under both Zn deficiency and sufficiency conditions. This indicates that Tsu-0 
is able to maintain the balance of root and shoot growth even when exposed to low Zn 
conditions. The differences in shoot and root biomass reducti n observed between th  three 
accessions in response to the Zn deficiency treatment may reflect differences in their capacity 
of tolerating the side-effects of the Zn deficiency treatment, such as oxidative stress (Cakmak, 
2000). 
 
 
Figure 4: Biomass portioning in the three A. thaliana accessions based on the root/shoot 
biomass ratio under Zn deficiency and Zn sufficiency conditions. Data represent the mean of 
twelve biological replicates per genotype ± SE. Lower case letters indicate statistically 
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Figure 4: Biomass portioning in the three A. thaliana accessions based on the root/shoot 
biomass ratio under Zn deficiency and Zn sufficiency conditions. Data represent the mean 
of twelve biological replicates per genotype ± SE. Lower case letters indicate statistically 
different groups using one-way or two-way ANOVA with groupings by Tukey’s HSD and a 
95% confidence interval.
Our results also indicate that the three A. thaliana accessions seem to adopt different 
strategies to balance their ionome when exposed to Zn deficiency which may contribute 
to or result from the differences in Zn deficiency tolerance observed between them. 
For example, Tsu-0 shoots had a higher tolerance to Zn deficiency and showed the least 
ionomic changes in response to the Zn deficiency treatment in comparion to Col-0 and 
Pa-2 (Figure 5, Table S4). In addition, Col-0 had the smallest decrease in root biomass 
and fewer elements showing significant change in concentration in roots in response 
to the Zn deficiency treatment when compared to Tsu-0 and Pa-2 (Figure 6, Table S5). 
Thus, it looks like that the higher tolerance to Zn deficiency observed in shoots of Tsu-
0 and roots of Col-0 is related to their inomic stability in these organs when exposed to 
Zn deficiency. However, the same was not observed for the accession Pa-2 which had an 
intermediate number of elements with significant change in concentration in response to 
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Zn deficiency in both shoots and roots. Pa-2 had a stronger decrease in shoot biomass and 
an intermediate decrease in root biomass under low Zn in comparison to Col-0 and Tsu-0.
3.3. RNA Sequencing
To understand more of the physiological processes underlying the differences in phenotype 
between the three A. thaliana accessions in response to the Zn deficiency treatment we 
performed a transcriptome analysis using RNA sequencing. For this experiment we used 
roots and shoots of plants harvested at two time points after exposure to Zn deficiency 
aiming to identify organ and time point accession specific changes at the whole genome 
transcriptional level. We found in total 15,831 transcripts with a significant difference in 
expression level between the Zn deficiency and sufficiency treatments; 8,564 in shoots 
and 7,267 in roots. As our focus was to identify accession specific genes we selected 
transcripts significantly up- and down-regulated in response to Zn deficiency in only one 
accession for each tissue and time point. In order to obtain a more strict selection of 
accessions’ specific genes we excluded some of the accession specific transcripts which 
were significantly up or down-regulated in the same plant organ in another accession at 
a different time point. Figure 7 shows the Venn diagrams with the number of accession 
specific genes used in this study which were up- and down-regulated for each accession, 
organ and time point. The complete lists with the accession specific genes are shown 
in the supplementary tables S6, S8, S10, S12, S14, S16, S18, S20, S22 and S24 for the 
accession Col-0; S25, S27, S29, S31, S33, S34, S36, S37, S39, and S41 for the accession 
Tsu-0; S43, S44, S45, S47, S49, S50, S52, S54, S56 and S58 for the accession Pa-2. Because 
these supplementary tables were very long we did not include them in the end of this 
chapter but they are available online in the link specific at the supplemental data section.
3.4. Accession specific Zn deficiency responsive transcripts affecting common biological 
processes
With the purpose of identifying biological processes controlled by the accession specific 
transcripts we performed a GO enrichment analysis for each accession specific set of genes 
(Supplementary tables S7, S9, S11, S13, S15, S17, S19, S21 and S23 for Col-0; S26, S28, S30, 
S32, S35, S38, S40 and S42 for Tsu-0; S46, S48, S51, S53, S55 and S57 for Pa-2). This showed 
that some biological processes were overrepresented in more than one accession specific 
set of transcripts. Thus, suggesting that after exposure to Zn deficiency the three A. thaliana 
accessions responded with physiologically similar processes, but each accession appears 
to use different genes to obtain the required effect. In addition, we observed differences 
in the direction of regulation of these transcripts involved in the alike biological processes 
between the accessions. Finally, we also found that some of the biological processes 
which we described in chapter 4 as being part of the general response of A. thaliana to 
Zn deficiency were also overrepresented in the accession specific sets of transcripts. This 
indicates that the regulation of some biological processes will occur through transcripts 
which are common between the accessions and additional transcripts which are accession 
specific also play a role. This overrepresentation of accession specific transcripts in more 
than one accession was found for the following biological process: stress and defence 
response, hormone signalling, carbohydrate metabolism and programmed cell death. 
Each of these biological processes will be described in more detail and discussed later.
138
218 
 
  
  
  
0
4
8
12
16
20
Col-0 Tsu-0 Pa-2
Sh
o
o
t 
B
 C
o
n
ce
n
tr
at
io
n
 (
p
p
m
) 
Control Zn Deficiency
0
50
100
150
200
250
Col-0 Tsu-0 Pa-2
Sh
o
o
t 
N
a 
C
o
n
ce
n
tr
at
io
n
 (
p
p
m
) 
Control Zn Deficiency
0
1000
2000
3000
4000
Col-0 Tsu-0 Pa-2
Sh
o
o
t 
M
g 
C
o
n
ce
n
tr
at
io
n
 (
p
p
m
) 
Control Zn Deficiency
0
2000
4000
6000
8000
Col-0 Tsu-0 Pa-2
Sh
o
o
t 
P
 C
o
n
ce
n
tr
at
io
n
 (
p
p
m
) 
Control Zn Deficiency
0
1000
2000
3000
4000
5000
Col-0 Tsu-0 Pa-2
Sh
o
o
t 
S 
C
o
n
ce
n
tr
at
io
n
 (
p
p
m
) 
Control Zn Deficiency
0
10000
20000
30000
40000
50000
Col-0 Tsu-0 Pa-2
Sh
o
o
t 
K
 C
o
n
ce
n
tr
at
io
n
 (
p
p
m
) 
Control Zn Deficiency
b 
a 
b 
d 
a 
a 
b b c 
b 
a 
a,b 
a 
b 
b 
a 
a 
a 
b b b 
b 
a,b 
a,b 
b 
a,b 
c c 
c c,d 
139
219 
 
  
  
  
Figure 5: Shoot element concentrations measured in the three A. thaliana accessions (Col-0, 
Tsu-0 and Pa-2) after 5 weeks of growth in hydroponics under Zn deficiency (0.05 µM ZnSO4) 
and control (Zn sufficiency - 2 µM ZnSO4) treatments. Data represent the mean of twelve 
biological replicates per genotype ± SE. Lower case letters indicate statistically different 
groups using one-way ANOVA with groupings by Tukey’s HSD using a 95% confidence 
interval.  
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Figure 5: Shoot element concentrations measured in the three A. thaliana accessions (Col-
0, s -   - ) ft r  eeks of growth in hydroponics under Zn deficiency ( .05 µM 
ZnSO4) and control (Zn sufficiency - 2 µM ZnSO4) treatments. Data represent the mean of 
twelve biological replicates per genotype ± standard error of the mean. Lower case letters 
indicate st tistically different grou s using one-way ANOVA with groupings by Tukey’s HSD 
using a 95% confidence interval.
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Figure 6: Root element concentrations measured in the three A. thaliana accessions (Col-0, 
Tsu-0 and Pa-2) after 5 weeks of growth in hydroponics under Zn deficiency (0.05 µM 
ZnSO4) and control (Zn sufficiency - 2 µM ZnSO4) treatments. Data represent the mean of 
twelve biological replicates per genotype ± SE. Lower case letters indicate statistically 
different groups using one-way ANOVA with groupings by Tukey’s HSD using a 95% 
confidence interval.  
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Figure 6: Root element concentrations measured in the three A. thaliana accessions (Col-
0, Tsu-0 and Pa-2) after 5 weeks of growth in hydroponics under Zn deficiency (0.05 µM 
ZnSO4) and control (Zn sufficiency - 2 µM ZnSO4) treatments. Data represent the mean of 
twelve biological replicates per genotype ± standard error of the mean. Lower case letters 
indicate statistically different groups using one-way ANOVA with groupings by Tukey’s HSD 
using a 95% confidence interval.
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3.4.1. Defensin and defensin-like genes
In this study we observed that the differential regulation of different members of the 
defensin and defensin-like gene families may be related to differences in Zn deficiency 
tolerance between the studied accessions. We found several members of the defensin 
and defensin-like gene families which showed an accession specific response to Zn 
deficiency (Table 1). Col-0 showed high tolerance to Zn deficiency in both roots and shoots 
and was able to induce changes in a larger number of transcripts involved in defence 
response and defensin and defensin-like genes in both roots and shoots when exposed 
to Zn deficiency in comparison to Tsu-0 and Pa-2. The defensin and defensin-like genes 
encode highly basic cysteine-rich peptides known to play a role in several biological 
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Figure 7: Venn diagrams showing the intersections between time points (4 and 12 days) of 
the accession specific transcripts with significant change in expression in response to Zn 
deficiency in the three A. thaliana accessions (Col-0, Tsu-0, and Pa-2) in shoots and roots. 
Up-regulated transcripts are indicated with  and down-regulated transcripts are indicated 
with . 
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With the purpose of identifying biological processes controlled by the accession specific 
transcr pts we performed a GO enric ment analysis for each accessio  specific set of genes 
(Supplementary tables S7, S9, S11, S13, S15, S17, S19, S21 and S23 for Col-0; S26, S28, 
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showed that some biological processes were overrepresented in more than one accession 
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to Zn deficiency in the three A. thaliana accessions (Col-0, Tsu-0, and Pa-2) in shoots and 
roots. Up-regulated transcripts are indicated with ↑ and down-regulated transcr pts ar  
indicated with ↓.
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processes, including mediating abiotic and biotic stress responses in plants (Thomma 
et al., 2002;Silverstein et al., 2005;de Oliveira Carvalho and Moreira Gomes, 2011;De 
Coninck et al., 2013). Among the defensin and defensin-like genes we found in Col-0 were 
a defensin-like gene of unknown function (AT3G59930) and the defensin genes PDF1.1 in 
roots and PDF1.2c in shoots (Table 1). In line with our results van de Mortel et al. (2006) 
also reported changes in expression of the defensin genes PDF1.1 and PDF1.2c in roots 
of A. thaliana Col-0 plants exposed to Zn deficiency. Furthermore, PDF1.2c has also 
been shown to be induced in plants exposed to potassium starvation (Armengaud et al., 
2004). In the accessions Tsu-0 and Pa-2 the defensin and defensin-like genes were not as 
strongly up or down-regulated as in Col-0. Previously in chapter 4 of this thesis we also 
showed the strong up-regulation of defensin-like genes in all three A. thaliana accessions.
The accession specific regulation of defensin and defensin-like genes in A. thaliana 
accessions may indicate their involvement in the response to the Zn deficiency stress. 
Previous studies have demonstrated that defensin and defensin-like genes play a role in 
plants response to abiotic stresses, such as high Zn (Mirouze et al., 2006;van de Mortel 
et al., 2006). Further evidence of the defensin-like genes role in the regulation of metal 
ions homeostasis was shown in mammals which have their Fe metabolism regulated by 
defensin-like proteins (Tsuchiya and Nitta, 2013). Another possible explanation is that the 
increased susceptibility to pathogens infection in plants exposed to Zn deficiency may 
have induced changes in the transcription of defensin and defensin-like genes. Studies 
in plants and mammals indicate that under Zn deficiency organisms show an increased 
susceptibility to pathogen infection (Marschner, 1995;Cuevas and Koyanagi, 2005;McDevitt 
et al., 2011). In addition, defensin and defensi-like genes were also shown to play a role 
in plants higher tolerance to pathogens (Manners et al., 1998;De Coninck et al., 2010). 
However, the mechanisms involved in the cross-talk between low and high Zn and 
defensing and defensing-like genes are not yet known and further studies are needed.
3.4.2. Stress and defence response
Among the stress and defence response processes overrepresented in more than one 
accession were GO terms like: defence response, innate immune system response, abiotic 
and biotic stimulus (Tables S9, S11, S13, S19, S21, S32, S35, S40 and S48). The differential 
regulation of defence response genes under Zn deficiency may be an indirect effect of 
processes induced under abiotic stress which share features with the biotic stress response 
pathway. Among these processes are: the formation of ROS, regulation of protein kinases 
and hormone mediated responses (Cheng et al., 2002;Cheong et al., 2002;Fujita et al., 
2004;Poschenrieder et al., 2006;Chmielowska et al., 2010;Hoerger et al., 2013). In support 
to this hypothesis Horger et al. (2013) proposed a possible mechanism of cross-talk 
between the plant defence and metal hyperaccumulation through the formation of ROS. 
Both changes in metal ion concentration and pathogen infection induce the formation of 
ROS. As a result plants induce the activation of defense genes and cell wall lignification 
to inhibit pathogen infection and produce ROS scavengers to reduce cell injury caused 
by the oxidative stress. The induction of lignin metabolism genes was shown by van de 
Mortel et al. (2008) in roots of A. thaliana plants exposed to high Cd concentrations.
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3.4.3. Hormone signalling
The accession specific genes sets of Col-0 and Tsu-0 showed an over-representation of 
transcripts involved in hormone stimulus and signalling, but in different organs. Changes in 
the concentrations of phytohormones such as abscissic acid (ABA), jasmonic acid (JA), salicylic 
acid (SA) and ethylene have a signalling role in plant responses to abiotic and biotic stresses 
(Fujita et al., 2006). In Col-0 transcripts involved in cellular response to ABA were up-regulated 
and transcripts involved in cellular response to SA were down-regulated in roots after 4 days 
exposure to Zn deficiency (Table S7 and S9). While, Tsu-0 up-regulated transcripts involved 
in cellular response to indole-butyric acid (IBA) in shoots after 4 days and SA after 4 and 12 
days (Table S35 and S38). In addition, we found that transcripts involved in the JA response 
were regulated in an opposite way in Tsu-0 shoots after 4 and 12 days (Tables S35 and 
S40). The signalling pathways mediated by JA and ABA are normally strongly induced when 
plants face both biotic and abiotic stress conditions (Penninckx et al., 1998;Anderson et al., 
2004;Freeman et al., 2005;Maksymiec et al., 2005;Santino et al., 2013). The hormone SA is 
also known to mediate plant defence and stress responses and induction of leaf senescence 
(Raskin, 1992;Vlot et al., 2009;Zhang et al., 2013). Contrary to Col-0 and Tsu-0, we did not 
observe an overrepresentation of genes involved in hormone signalling in Pa-2. The differential 
regulation of transcripts involved in SA, JA and ABA cellular response in both Col-0 and Tsu-0 
is in line with our previous results showing a large number of transcripts involved in defense 
response being up- or down-regulated in these two accessions in response to Zn deficiency.
The plant growth hormone auxin is associated with lateral root formation and axillary 
branching (Potters et al., 2009). Col-0 showed an overrepresentation of transcripts involved 
in the biosynthesis of indole-containing compounds, which are part of the auxin structure, 
up-regulated in shoots after 12 days exposure to Zn deficiency (Table S21). In shoots of the 
accessions Tsu-0 and Pa-2 we found transcripts involved in auxin transport up-regulated after 
4 days exposure to Zn deficiency (Table S35 and S51). On the other hand, in the accession Pa-2 
transcripts involved in cellular response to auxin were down-regulated in shoots after 12 days 
under Zn deficiency (Table S57). Auxin is synthesized in the apical meristem being transported 
to the root where it plays an important role in root growth and development and formation 
of lateral roots (Ljung et al., 2001;Rahman et al., 2007;Péret et al., 2009;Overvoorde et al., 
2010). The induction of genes involved in auxin biosynthesis by Col-0 under Zn deficiency 
is in accordance with the small decrease in root growth in this accession in response to Zn 
deficiency in comparison to Tsu-0 and Pa-2 (Figure 3). In addition, Tsu-0 and Pa-2, which 
had a strong decrease in root growth under Zn deficiency, seem to induce auxin transport 
related genes but not invest in auxin biosynthesis as Col-0. Hence, these findings indicate 
that differences in root growth between the accessions under Zn deficiency may be linked 
to the differential regulation of transcripts involved in auxin biosynthesis and transport.
3.4.4. Carbohydrate metabolism
The difference in maintenance of carbohydrate biosynthesis and sink/source mobilization 
of resources under Zn deficiency may be underlying the differential regulation of root 
and shoot growth observed when comparing the three A. thaliana accessions. In shoots 
of Tsu-0 transcripts involved in biosynthesis of cell wall components and carbohydrate 
metabolism were up-regulated after 4 days exposure to Zn deficiency (Table S35). On 
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the other hand, in Col-0 transcripts involved in cellular carbohydrate biosynthesis were 
down-regulated in shoots after 4 days and in roots after 12 days (Table S19 and S13). 
The later down-regulation of these transcripts in Col-0 roots may be related with its 
preferential investiment in root growth over shoot under Zn deficiency (Figure 4). Also, 
the accession Pa-2 had transcripts involved in cellular carbohydrate catabolism up-
regulated in shoots after 4 days exposure to Zn deficiency (Table S51). The differential 
allocation of carbohydrates between shoot and root has been previously observed in 
plants exposed to other nutrient deficiencies such as P and N (Hermans et al., 2006).
In the accessions Tsu-0 and Pa-2 transcripts involved in response to carbohydrate 
stimulus were down-regulated. Tsu-0 down-regulated these transcripts in roots and 
shoots after 12 days of exposure to Zn deficiency (Table S32) and Col-0 in roots at both 
time points (Table S9 and S13). Carbohydrates are known to play a role as signalling 
molecules under abiotic and biotic stress conditions (Rosa et al., 2009;Ahmad et al., 
2012;Morkunas and Ratajczak, 2014;Tauzin and Giardina, 2014). Hence, the down-
regulation of transcripts involved in response to carbohydrate in Tsu-0 and Col-0 
after 12 days may be related to the signalling role of sugars under stress conditions.
Accessions also contrasted for the regulation of genes involved in glucosinolate metabolism. 
Glucosinolates are secondary metabolites in plants, which act as insect deterrents and are 
involved in the defence response against herbivores (Bednarek et al., 2009). In roots of Col-0 
after 12 days transcripts involved in glucosinolate metabolism were up-regulated, while in 
shoots transcripts involved in glucosinolates biosynthesis were down-regulated (Table S11 and 
S23). Similarly, Pa-2 induced the degradation of glucosinolates by up-regulating transcripts 
involved in glucosinolates catabolism in shoots after 4 days exposure to Zn deficiency (Table 
S53). On the other hand, in Tsu-0 roots after 12 days transcripts involved in glucosinolates 
biosynthesis were up-regulated (Table S30). These results indicate that when experiencing 
Zn deficiency Tsu-0 induces the biosynthesis of glucosinolates, while the accessions Col-
0 and Pa-2 invest on its degradation and biosynthesis inhibition. The general response of 
A. thaliana to Zn deficiency, as described in chapter 4, also showed the up-regulation of 
transcripts involved in indole-glucosinolates catabolism and down-regulation of transcripts 
involved in glucosinolates biosynthesis in roots after 4 days of exposure to Zn deficiency. 
Indole-glucosinolates and the auxin indol-3-acetic acid (IAA) are both derived from the same 
compound, tryptophan, which indicates that glucosinolates metabolism and plant growth are 
integrated and may explain the differential regulation of these genes in the three A. thaliana 
accessions when exposed to Zn deficient conditions (Grubb and Abel, 2006). Other studies 
have shown that indole-glucosinolates biosynthesis is induced in plants shoots and roots in 
response to the hormones JA and SA (van Dam et al., 2009). In addition, roots were shown 
to have in general a larger variety and higher concentrations of glucosinolates than shoots.
3.4.5. Programmed cell death
We observed an overrepresentation of transcripts involved in programmed cell death in 
more than one accession specific set of genes. Plants induce programmed cell death as a 
defence response against pathogens or in response to the formation of toxic compounds 
such as ROS under stress conditions (Reinbothe et al., 2009;Coll et al., 2011). In shoots of 
the accession Tsu-0 transcripts involved in aging and cell death were up-regulated after 4 
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days and transcripts involved in programmed cell death after 12 days (Table S35 and S38). In 
Col-0 shoots transcripts involved in programmed cell death were also up-regulated after 12 
days (Table S21). On the other hand, in Col-0 roots transcripts involved in apoptotic process 
were down-regulated after 12 days exposure to Zn deficiency (Table S13). The up-regulation 
of transcripts involved in programmed cell death in Tsu-0 and Col-0 shoots may reflect a 
response in these accessions to the high levels of ROS known to be formed under Zn deficiency 
(Cakmak, 2000). In support of this, we observed the up-regulation of transcripts involved in 
response to oxidative stress in shoots of the accessionTsu-0 after 4 days (Table S35). Also, in 
roots of Pa-2, transcripts involved in oxido-reductase activity were up-regulated after 4 days 
(Table S43). Catalase, superoxide dismutase and glutathione peroxidese are examples of 
oxidoreductase enzymes which play a role both in the scavenging and formation of ROS (Ngoka, 
2008). In contrast to Tsu-0 and Pa-2, Col-0 down-regulated transcripts involved in response 
to hydrogen peroxide in roots after 12 days (Table S13). These findings may indicate that Col-
0 roots have a higher tolerance to the ROS formed under Zn deficiency also demonstrated 
by its small decrease in root biomass under Zn deficiency in comparison to Tsu-0 and Pa-2.
3.5. Accession specific Zn deficiency responsive transcripts affecting different biological 
processes
3.5.1. Col-0 specific transcripts
The Col-0 specific set of genes up-regulated in roots after 12 days exposure to Zn deficiency 
showed an overrepresentation of transcripts involved in inorganic anion transport and 
cellular ion and cation homeostasis (Table S11). Among these transcripts we found four 
genes encoding metal chelating proteins (Table 2). FER1 and 4 encode ferritins which can 
bind Fe ions when present in excess, thus regulating its levels in the plant cytoplasm and 
protecting the cells against oxidative stress (Petit et al., 2001;Ravet et al., 2009;Tarantino et 
al., 2010). MT3 encodes a metallothionein protein able to bind copper and other metals when 
in excess, thus limiting oxidative damage (Guo et al., 2008) and FP3 encodes a farnesylated 
protein able to chelate Zn2+, Ni2+ and Cu2+ (Dykema et al., 1999). The up-regulation of these 
transcripts in Col-0 roots may reflect its better ability of dealing with the high levels of Fe 
and other metals which are taken up together with Zn by low specificity Zn transporters 
such as IRT3 (Lin et al., 2009;Shanmugam et al., 2013). Both Col-0 and Tsu-0 indeed 
showed a significant increase in the shoot Fe concentration under Zn deficiency (Figure 5). 
Similarly, other studies have also described the cross-talk between Zn and Fe homeostasis 
demonstrating that Fe levels increase in shoots of plants exposed to Zn deficiency and 
the other way around (van de Mortel et al., 2006;Baxter et al., 2008b;Shanmugam et al., 
2011;Gruber et al., 2013). Hence, these findings indicate that a more efficient system to deal 
with the high level of free metals in the cytoplasm and avoid oxidative stress in Col-0 roots 
may be related to its its small reduction in root biomass under Zn deficiency conditions.
We also found transcripts encoding inorganic anion transporters up-regulated in roots of 
the accession Col-0 after 12 days of exposure to Zn deficiency (Table S10). Among them 
were two sulphate and two phosphate transporters: SULTR2;1; SULTR4;1; PHO1;H1 
and PHT2;1 (Table 2) previously shown to be induced under low sulphur and phosphate 
concentrations, respectively (Daram et al., 1999;Stefanovic et al., 2007;Kawashima et 
al., 2009;Zuber et al., 2010). Other studies have shown the interaction between Zn and 
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phosphate demonstrating that under conditions of low Zn plants induce the expression of 
phosphate transporters which results in higher P concentrations (Huang et al., 2000;Li et 
al., 2003;Jain et al., 2013;Khan et al., 2014). The observed up-regulation of these phosphate 
transporters in the accession Col-0 is in accordance with the non-significant difference in 
root P concentration observed between the Zn treatments only in this accession (Figure S2).
Furthermore, our findings indicate that in the accession Col-0 protein kinases play an 
important role in separating the transcriptional regulation of the Zn deficiency stress and 
defence response. Transcripts involved in protein phosphorylation encoding different 
classes of protein kinases were overrepresented among the Col-0 specific genes in both 
roots and shoots. In roots these transcripts were up-regulated after 4 days and down-
regulated after 12 days, while in shoots they showed the opposite behaviour (Table S7, 
S13, S19 and S21). Two protein kinases involved in defence response to pathogen were 
down-regulated in Col-0 roots after 12 days of exposure to Zn deficiency (Table 2). The gene 
LecRK-V.5 which encodes a lectin receptor kinase demonstrated to inhibit the pathogen 
induced stomata closure (Arnaud et al., 2012;Desclos-Theveniau et al., 2012) and the gene 
BIK1 which encodes a serine/threonine kinase part of the pathogen membrane receptor 
signalling (Lin et al., 2014). In addition, the gene OXI1 was down-regulated in Col-0 roots 
and shoots after 12 days of exposure to Zn deficiency (Table 2, S19 and S23). OXI1 encodes 
a serine/threonine kinase involved in the response to oxidative stress (Rentel et al., 2004) 
and pathogen defence (Petersen et al., 2009). On the other hand, protein kinases up-
regulated in shoots of Col-0 after 4 days and down-regulated after 12 days of exposure to 
low Zn were involved in plants response to abiotic and biotic stress (Tables S17 and S23). 
These results show that Col-0 down-regulates protein kinases mainly involved in defence 
response and indicate that the modes of signal transduction in this accession seems to be 
highly stress specific. For example, several protein kinases were already shown to mediate 
the ROS signalling pathway in plants exposed to abiotic and biotic stress through different 
signalling pathways (Mittler et al., 2004;Poschenrieder et al., 2006;Rasmussen et al., 2012). 
Thus, the specificity of the Zn deficiency stress and defence response signalling pathways in 
Col-0 may be associated with its high tolerance to Zn deficiency in both roots and shoots.
Among the Col-0 specific transcripts up-regulated in roots after 4 days under Zn deficient 
conditions we found the cell wall associated protein kinase WAKL4 (Table S6). Hou et al. 
(2005) demonstrated that WAKL4 is involved in mineral responses to Zn, Cu, K, Na and 
Ni in roots of A. thaliana plants which may indicate its involvement in the down-stream 
signalling of Zn deficiency at the root level. These authors also described that WAKL4 
is necessary for the up-regulation of Zn transporters under Zn deficiency proposing 
its role as a physical linker that signal between the cell wall and the cytoplasmic 
compartment. In plants several stress signalling pathways are mediated through protein 
kinases which can phosphorylate and de-phosphorylate other proteins resulting in the 
propagation or regulation of a signal (Fujita et al., 2006;Pareek et al., 2010). However, 
Tsu-0 and Pa-2 did not show a significant increase in the expression level of WAKL4 
under low Zn. These findings indicate that WAKL4 may play a role in the Zn homeostasis 
regulatory network and accessions show natural variation for its expression level.
Surprisingly we also found that Col-0 induces changes in the regulation of gene expression 
by down-regulating genes which encode histone proteins. Col-0 specific transcripts down-
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regulated in roots after 4 days exposure to Zn deficiency had an overrepresentation of 
genes involved in chromatin organization and protein-DNA complex assembly (Table S9). 
Among these transcripts were three members of the histone superfamily of proteins (Table 
2). The gene H3.1 encodes a histone protein enriched in repetitive pericentromeric and 
silent chromatin previously shown to regulate heterochromatin condensation (Stroud et 
al., 2012;Vaquero-Sedas and Vega-Palas, 2013;Jacob et al., 2014). The histone protein H4 
which has key role in the regulation of gene expression during plant acclimation and higher 
tolerance to cold stress (Zhu et al., 2008). The gene FKBP53 encoding an immunophilin 
protein which function as a histone chaperone able to bind the ribosome 18S rDNA 
gene chromatin and repress its expression (Li and Luan, 2010). The histone proteins 
regulate transition of chromatin between active and inactive status which will strongly 
influence DNA replication and gene expression (Arents and Moudrianakis, 1995;Mariño-
Ramírez et al., 2005). Their down-regulation in Col-0 roots after short term exposure to Zn 
deficiency may represent an adaptive response of the plants to the Zn deficiency stress.
In order to identify accession specific transcripts with a significant change in expression in 
both time points studied (4 and 12 days) we selected the accession specific core Zn deficiency 
responsive genes. In Col-0 roots we found 148 transcripts corresponding to the Col-0 specific 
core genes in roots (Table S14). In this set of genes we found an overrepresentation of 
transcripts involved in response to stress, temperature, heat, abiotic and chemical stimulus 
(Table S15). We also performed a hierarchical clustering analysis aiming to identify accession 
specific transcripts with a strong difference in the expression pattern at 4 or 12 days when 
compared to the other accessions. We found two genes clusters with transcripts strongly 
down-regulated in roots of Col-0 after 12 days of exposure to low Zn (Figure 6A and B, Tables 
S59 and S61). The GO analysis showed that transcripts in cluster 1 were involved in response to 
hydrogen peroxide, high light intensity and heat (Table S60). Among these genes we found four 
transcripts encoding Class III peroxidase proteins. In cluster 2 we had an over-representation 
of transcripts involved in response to hydrogen peroxide, heat and ABA stimulus (Table S62).
The strong down-regulation of genes involved in response to hydrogen peroxide in Col-
0 roots at 12 days support our previous conclusion that Col-0 roots are more tolerant to 
the oxidative stress caused by the ROS produced when plants are exposed to Zn deficiency 
stress. In line with this hypothesis we observed that Col-0 roots had the smallest decrease 
in biomass under Zn deficiency in comparison to Tsu-0 and Pa-2 (Figure 3A). Among the 
transcripts involved in response to hydrogen peroxide in cluster 1 were four transcripts 
which belong to the Class III peroxidase involved in the response to oxidative stress 
and known to be up-regulated in response to pathogens (Hiraga et al., 2001). Other 
genes present in cluster 2 were: BAG6 which encodes a calmodulin-binding protein 
involved in programmed cell death (Kang et al., 2005) and WRKY8 which encodes a TF 
involved in defence response and salinity tolerance (Chen et al., 2013a;Hu et al., 2013).
In addition, we found a gene cluster composed of transcripts strongly up-regulated only 
in Col-0 roots after 12 days under low Zn (Figure 8C, Table S63). Col-0 roots cluster 3 had 
only 17 genes, mainly involved in biotic stress and defence response (Table S64). Among 
these genes we found BGL18 which encodes a beta-glucosidase protein able to confer a 
higher tolerance to abiotic stresses, such as drought, by increasing ABA levels (Han et al., 
2012). Ogasawara et al. (2009) also described that BGL18 levels increase in the endoplasmic 
reticulum of wounded tissue, suggesting its role in defense response. We also found in this 
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cluster the gene WAK1 which encodes a cell wall associated kinase. This protein can 
bind with oligogalacturonides released from the cell wall upon pathogen attack to 
induce a defense response and when over expressed is able to confer higher tolerance 
to pathogens (Brutus et al., 2010). These findings are in accordance with the results 
we described for the Col-0 specific transcripts and show that plants response to Zn 
deficiency have a large overlap with the process induced under biotic stress and defence 
response. Furthermore, it may indicate that the differential regulation of accession 
specific transcripts involved in abiotic and biotic stress response may contribute to the 
different levels of Zn deficiency tolerance between the studied A. thaliana accessions.
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Figure 8: Clusters of transcripts selected for showing an accession specific differential 
pattern of expression in roots of Col-0. Clusters 1 (A) and 2 (B) are composed of transcripts 
strongly down-regulated only in Col-0 roots after 12 days. Cluster C has transcripts strongly 
up-regulated only in Col-0 roots after 12 days exposure to Zn deficiency. Lines represent the 
transcripts overall trend of expression across the accessions and time points. Complete list of 
genes are shown in tables S59, S61 and S63. 
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strongly down-regulated only in Col-0 roots after 12 days. Cluster C has transcripts strongly 
up-regulated only in Col-0 roots after 12 days exposure to Zn deficiency. Lines represent the 
transcripts overall trend of expression across the accessions and time points. Complete list 
of genes are shown in table S59, S61 and S63.
152
In shoots of the accession Col-0 we found only 9 transcripts with a significant change in 
expression in response to Zn deficiency which overlapped between the two time points (Table 
S24). As a result we were not able to identify many Col-0 specific gene clusters with a strong 
pattern of change in expression level in response to the Zn deficiency treatment. Based on the 
hierarchical clustering analysis for the accession Col-0 in shoot tissue we found one cluster 
with transcripts up-regulated after 12 days in Tsu-0 and Pa-2 and to a lower level in Col-0 
(Figure 9, Table S65). Transcripts in this cluster had an overrepresentation of genes involved 
in nicotianamine (NA) biosynthesis (Table S66). The NAS genes catalyse the last step of NA 
biosynthesis (Suzuki et al., 1999). NA can chelate divalent metals, such as Zn, and mediate 
their root-to-shoot transport and redistribution between tissues (Takahashi et al., 2003;Klatte 
et al., 2009;Haydon et al., 2012). These findings are in accordance with the observed slightly 
higher Zn concentration in Col-0 roots and root/shoot Zn concentration and Zn content ratio 
under Zn deficiency in comparison to the other accessions. In addition, this may indicate that 
when facing Zn deficiency Col-0 prioritizes the Zn supply to the root tissue by reducing the 
formation of NA which can bind Zn and mediate its translocation and redistribution between 
tissues. Alternatively, the differential expression level of the NAS genes between Col-0 and 
the other accessions may reflect polymorphisms in the accessions gene coding sequences.
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Figure 9: Clusters of transcripts selected for showing an accession specific differential 
pattern of expression in shoots of Col-0. Cluster 4 is composed of transcripts up-regulated in 
shoots of Tsu-0 and Pa-2 and to a lower level in Col-0 after 12 days exposure to Zn 
Cluster 4 
Col-0  Tsu-0  Pa-2      Col-0  Tsu-0  Pa-2 
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Figure 9: Clusters of transcripts selected for showing an accession specific differential 
pattern of expression in shoots of Col-0. Cluster 4 is composed of transcripts up-regulated 
in shoots of Tsu-0 and Pa-2 and to a lower level in Col-0 after 12 days exposure to Zn 
deficiency. Lines represent the transcripts overall trend of expression across the accessions 
and time points. Complete list of genes is shown in table S65.
3.5.2. Tsu-0 specific transcripts
Tsu-0 induced the expression of glutathione transferase genes which play a role in the 
detoxification of toxic substances and may be involved with its high tolerance to Zn deficiency 
in shoots. Tsu-0 specific genes had an overrepresentation of transcripts involved in the 
catabolism of toxic compounds up-regulated in roots after 12 days and in shoots after 4 days 
of exposure to Zn deficiency (Table S30 and S34). Among these transcripts we found eight 
genes encoding glutathione transferase proteins (GSTs) (Table 3). The GSTs are known to form 
complexes between glutathione and electrophilic xenobiotics (i.e. herbicides, xenobiotics), 
tagging them for vacuolar sequestration (Edwards et al., 2000;Wagner et al., 2002).The 
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genes GSTF6, GSTU4, 8 and 27 were up-regulated in Tsu-0 shoot tissue after 4 days. GSTF6 
is involved in the biosynthesis of camalexin which is a type of phytoalexin accumulated in 
response to SA, biotic and abiotic stress (Tsuji et al., 1992;Zhao et al., 1998;Thomma et al., 
1999;Wagner et al., 2002;Mert-Türk et al., 2003;Sappl et al., 2004;Su et al., 2011). The genes 
GSTU8 and 27 are also induced in A. thaliana plants exposed to sulphur starvation (Nikiforova 
et al., 2003). The gene GSTU1 was up-regulated in Tsu-0 shoots after 4 days and roots after 
12days under Zn deficiency. Baerson et al. (2005) demonstrated that GSTU1 is up-regulated 
in A. thaliana seedlings exposed to an allelochemical substance. Other genes encoding GSTs 
proteins up-regulated in Tsu-0 roots after 12 days were: GSTF11, GSTU22 and 25. Krajewski et 
al. (2013) observed the strong up-regulation of GSTU25 in response to fungicide compounds 
in yeast cells. GSTU25 was also shown to have its expression increased in response to cumene 
hydroperoxide which is a substrate derived from glucosinolates degradation in cruciferous 
species (Dixon et al., 2009). van de Mortel et al. (2008) also observed the increased 
expression of four genes encoding glutathione S-transferase proteins (GSTF3, GSTF10, 
GSTU17, GSTU28) in roots of A. thaliana Col-0 plants exposed to Zn deficiency and Cd excess.
We also found evidence that Tsu-0 changes the regulation of genes involved in transport of 
nitrogen compounds and solutes in roots after exposure to Zn deficiency which may be linked 
to its higher sensitiveness to Zn deficiency in root tissue compared to shoot. Transcripts down-
regulated in Tsu-0 roots after 4 days exposure to Zn deficiency had an overrepresentation of 
genes involved in nitrate transport (Table S28). Among these genes were NRT2.1 and NRT3.1 
(Table 3) which encode high affinity nitrate transport proteins (Okamoto et al., 2006). A. 
thaliana NRT2.1 mutants show inhibition of lateral root initiation under nitrogen limiting 
conditions (Little et al., 2005;Remans et al., 2006). We also found four genes encoding 
aquaporins and involved in water transport down-regulated in Tsu-0 roots after 4 days 
(Tables 3 and S28). The genes TIP1;1 and TIP2;3 encode tonoplast intrinsic aquaporins. TIP1;1 
is involved in water and solutes transport and its knock-out plants are more sensitive to high 
concentrations of glycerol (Beebo et al., 2009), while TIP2;3 is involved in ammonium transport 
(Loqué et al., 2005). In addition to two genes encoding plasma membrane aquaporins (Table 
3); PIP1;2 which is involved in CO(
2
) transport (Uehlein et al., 2012) and PIP2;3 which is 
strongly down-regulated under drought stress conditions (Alexandersson et al., 2005).
Furthermore our findings indicate that after long term exposure to Zn deficiency Tsu-0 
reduced the expression of TFs involved in the response to abiotic and biotic stress which 
are known to induce a higher tolerance to abiotic stress when not expressed in root tissue. 
Tsu-0 specific genes down-regulated in roots after 12 days of exposure to Zn deficiency 
had an overrepresentation of transcripts involved in the regulation of transcription and 
gene expression (Table S32). Among these genes we found three members of the AP2-
EREBP TF family (CBF2, CBF4 and ERF4; Table 3), shown to be involved in the regulation 
of developmental processes and plants response to abiotic and biotic stress (Kizis et 
al., 2001;Dietz et al., 2010). CBF2 plays a role in response to low temperature, ABA and 
circadian rhythm (Dong et al., 2011;Lee and Thomashow, 2012). CBF4 is involved in the 
response to drought stress and ABA treatment (Ding et al., 2013;Nakai et al., 2013). The 
gene ERF4 encodes an ethylene responsive element binding factor involved in precocious 
leaf senescence which is induced by ethylene, JA and ABA (Yang et al., 2005;Koyama et 
al., 2013). Other genes involved in the regulation of transcription down-regulated in 
Tsu-0 roots after 12 days were: MYB73, WRKY18 and PTAC6 (Table 3). Kim et al. (2013b) 
154
N
am
e
Lo
cu
s
Co
l-0
Ts
u-
0
Pa
-2
A
nn
ot
ati
on
Ro
ot
 4
 
da
ys
-Z
n
+Z
n
FC
-Z
n
+Z
n
FC
-Z
n
+Z
n
FC
N
RT
2.
1
AT
1G
08
09
0
30
.8
40
26
.0
36
1.
18
5
33
.6
20
59
.5
33
- 1
.7
71
85
.4
23
10
8.
82
9
1.
27
4
AT
N
RT
2:
1,
 N
RT
2,
 N
RT
2;
1A
T,
 A
CH
1,
 L
IN
1,
 
AT
N
RT
2.
1,
 N
RT
2.
1,
 N
RT
2:
1 
| 
ni
tr
at
e 
tr
an
sp
or
te
r 
2:
1
N
RT
3.
1
AT
5G
50
20
0
35
4.
29
3
29
6.
90
4
1.
19
3
26
2.
07
1
36
4.
61
6
- 1
.3
91
47
8.
27
8
53
8.
18
9
1.
12
5
W
R3
, A
TN
RT
3.
1,
 N
RT
3.
1 
| 
ni
tr
at
e 
tr
an
sm
em
br
an
e 
tr
an
sp
or
te
rs
TI
P1
.1
AT
2G
36
83
0
22
48
.2
80
26
22
.2
80
1.
16
6
18
38
.3
80
26
03
.6
00
- 1
.4
16
18
57
.6
30
21
64
.4
10
1.
16
5
G
A
M
M
AT
IP
, T
IP
1;
1,
 G
A
M
M
AT
IP
1 
| 
ga
m
m
a 
to
no
pl
as
t 
in
tr
in
si
c 
pr
ot
ei
n
TI
P2
.3
AT
5G
47
45
0
46
7.
95
5
58
0.
78
8
1.
24
1
53
8.
08
8
77
2.
73
3
- 1
.4
36
85
7.
81
2
98
8.
05
4
1.
15
2
AT
TI
P2
;3
, T
IP
2;
3,
 D
EL
TA
TI
P3
 |
 t
on
op
la
st
 
in
tr
in
si
c 
pr
ot
ei
n 
2;
3
PI
P1
.2
AT
2G
45
96
0
21
39
.3
40
26
48
.9
60
1.
23
8
19
41
.6
00
30
06
.1
30
- 1
.5
48
20
29
.5
80
26
32
.9
30
1.
29
7
PI
P1
B,
 T
M
PA
, A
TH
H
2,
 P
IP
1;
2 
| 
pl
as
m
a 
m
em
br
an
e 
in
tr
in
si
c 
pr
ot
ei
n 
1B
PI
P2
.3
AT
2G
37
18
0
41
2.
79
8
50
8.
41
2
1.
23
2
35
0.
42
9
55
8.
04
9
- 1
.5
92
45
2.
23
1
61
0.
46
3
1.
35
0
RD
28
, P
IP
2;
3,
 P
IP
2C
 |
 A
qu
ap
or
in
lik
e 
su
pe
rfa
m
ily
 p
ro
te
in
Ro
ot
 1
2 
da
ys
GS
TF
11
6
AT
3G
03
19
0
43
.5
46
29
.6
44
1.
46
9
56
.8
16
29
.2
44
1.
94
3
31
.2
86
30
.5
22
1.
02
5
AT
G
ST
F1
1,
 A
TG
ST
F6
, G
ST
F1
1 
| 
gl
ut
at
hi
on
e 
St
ra
ns
fe
ra
se
 F
11
GS
TU
22
AT
1G
78
34
0
16
.2
68
16
.3
90
1.
00
8
19
.5
39
7.
79
2
2.
50
8
36
.2
66
22
.0
63
1.
64
4
AT
G
ST
U
22
, G
ST
U
22
 |
 g
lu
ta
th
io
ne
 
St
ra
ns
fe
ra
se
 T
A
U
 2
2
GS
TU
25
AT
1G
17
18
0
3.
48
2
4.
78
1
1.
37
3
5.
83
9
1.
81
4
3.
22
0
2.
75
9
2.
18
1
1.
26
5
AT
G
ST
U
25
, G
ST
U
25
 |
 g
lu
ta
th
io
ne
 
St
ra
ns
fe
ra
se
 T
A
U
 2
5
N
RT
3.
1
AT
5G
50
20
0
31
5.
45
2
26
3.
76
7
1.
19
6
54
0.
23
1
27
8.
45
2
1.
94
0
70
8.
72
1
63
3.
78
5
1.
11
8
W
R3
, A
TN
RT
3.
1,
 N
RT
3.
1 
| 
ni
tr
at
e 
tr
an
sm
em
br
an
e 
tr
an
sp
or
te
rs
CB
F2
AT
4G
25
47
0
25
.7
55
29
.0
08
1.
12
6
11
.7
57
69
.1
35
- 5
.8
80
5.
94
5
7.
51
5
1.
26
4
CB
F2
, D
RE
B1
C,
 F
TQ
4,
 A
TC
BF
2 
| 
Cr
ep
ea
t/
D
RE
 b
in
di
ng
 fa
ct
or
 2
CB
F4
AT
5G
51
99
0
2.
28
1
2.
06
0
1.
10
7
7.
65
5
16
.3
74
- 2
.1
39
1.
39
8
0.
45
3
3.
08
5
CB
F4
, D
RE
B1
D
 |
 C
re
pe
at
bi
nd
in
g 
fa
ct
or
 4
Ta
bl
e 
3:
 T
su
-0
 s
pe
ci
fic
 g
en
es
 u
p 
an
d 
do
w
n-
re
gu
la
te
d 
(n
eg
ati
ve
 v
al
ue
s)
 in
 r
oo
t 
an
d 
sh
oo
t 
aft
er
 4
 a
nd
 1
2 
da
ys
 o
f e
xp
os
ur
e 
to
 Z
n 
de
fic
ie
nc
y.
 
A
bs
ol
ut
e 
va
lu
es
 o
f g
en
e 
ex
pr
es
si
on
 u
nd
er
 Z
n 
de
fic
ie
nc
y 
(-
Zn
) a
nd
 s
uffi
ci
en
cy
 (+
Zn
) c
on
di
ti
on
s 
an
d 
th
e 
fo
ld
 c
ha
ng
e 
(F
C)
 in
 e
xp
re
ss
io
n 
be
tw
ee
n 
th
e 
tr
ea
tm
en
ts
 a
re
 s
ho
w
n 
fo
r 
th
e 
th
re
e 
A
. t
ha
lia
na
 a
cc
es
si
on
s.
 S
ig
ni
fic
an
t 
FC
 in
 e
xp
re
ss
io
n 
ar
e 
m
ar
ke
d 
in
 g
re
y;
 P
 <
 0
.0
5.
155
ER
F4
AT
3G
15
21
0
11
6.
59
3
16
7.
38
7
1.
43
6
13
0.
77
6
22
7.
38
2
- 1
.7
39
98
.6
26
72
.7
46
1.
35
6
AT
ER
F4
, E
RF
4,
 R
A
P2
.5
, A
TE
RF
4 
| 
et
hy
le
ne
 
re
sp
on
si
ve
 e
le
m
en
t 
bi
nd
in
g 
fa
ct
or
 4
M
YB
73
AT
4G
37
26
0
65
.0
13
91
.4
31
1.
40
6
73
.8
09
12
5.
33
2
- 1
.6
98
59
.0
72
50
.5
44
1.
16
9
M
YB
73
, A
TM
YB
73
 |
 m
yb
 d
om
ai
n 
pr
ot
ei
n 
73
W
RK
Y1
8
AT
4G
31
80
0
57
.9
65
64
.7
75
1.
11
7
50
.0
60
97
.8
40
- 1
.9
54
16
.1
19
9.
05
5
1.
78
0
W
RK
Y1
8 
| 
W
RK
Y 
D
N
A
bi
nd
in
g 
pr
ot
ei
n 
18
PT
AC
6
AT
1G
21
60
0
9.
98
1
14
.1
52
1.
41
8
8.
85
3
16
.5
88
- 1
.8
74
8.
32
2
13
.9
19
1.
67
3
PT
A
C6
 |
 p
la
sti
d 
tr
an
sc
ri
pti
on
al
ly
 a
cti
ve
 6
GS
TU
1
AT
2G
29
49
0
51
.2
44
41
.1
03
1.
24
7
60
.5
65
34
.0
24
1.
78
0
32
.2
56
36
.1
00
1.
11
9
AT
G
ST
U
1,
 G
ST
19
, G
ST
U
1 
| 
gl
ut
at
hi
on
e 
St
ra
ns
fe
ra
se
 T
A
U
 1
Sh
oo
t 4
 
da
ys
GS
TU
4
AT
2G
29
46
0
2.
91
7
4.
35
9
1.
49
4
7.
55
1
2.
51
7
3.
00
0
16
.0
95
10
.2
92
1.
56
4
AT
G
ST
U
4,
 G
ST
22
, G
ST
U
4 
| 
gl
ut
at
hi
on
e 
S-
tr
an
sf
er
as
e 
ta
u 
4
GS
TU
8
AT
3G
09
27
0
1.
29
0
2.
30
3
1.
78
5
3.
71
7
1.
53
1
2.
42
7
5.
71
9
3.
41
2
1.
67
6
AT
G
ST
U
8,
 G
ST
U
8 
| 
gl
ut
at
hi
on
e 
S-
tr
an
sf
er
as
e 
TA
U
 8
G
ST
U
27
AT
3G
43
80
0
54
.9
91
54
.8
01
1.
00
3
95
.2
74
66
.7
47
1.
42
7
10
4.
19
9
75
.3
63
1.
38
3
AT
G
ST
U
27
, G
ST
U
27
 |
 g
lu
ta
th
io
ne
 
S-
tr
an
sf
er
as
e 
ta
u 
27
GS
TU
1
AT
2G
29
49
0
1.
18
6
0.
73
3
1.
61
9
2.
65
0
1.
04
0
2.
54
9
1.
72
6
0.
60
6
2.
84
8
AT
G
ST
U
1,
 G
ST
19
, G
ST
U
1 
| 
gl
ut
at
hi
on
e 
S-
tr
an
sf
er
as
e 
TA
U
 1
GS
TF
6
AT
1G
02
93
0
15
2.
29
8
16
1.
80
0
1.
06
2
26
1.
25
5
14
9.
30
6
1.
75
0
24
9.
07
6
19
8.
71
8
1.
25
3
G
ST
F6
 |
 g
lu
ta
th
io
ne
 S
-t
ra
ns
fe
ra
se
 6
Sh
oo
t 
12
 d
ay
s
PI
P2
.3
AT
2G
37
18
0
23
.8
73
15
.4
02
1.
55
0
34
.6
81
20
.2
59
1.
71
2
29
.4
80
16
.7
23
1.
76
3
RD
28
, P
IP
2;
3,
 P
IP
2C
 |
 A
qu
ap
or
in
lik
e 
su
pe
rfa
m
ily
 p
ro
te
in
156
demonstrated that the knock-out of MYB73 resulted in a higher tolerance to salt stress 
in A. thaliana. The gene WRKY18 encodes a TF involved in plant response to ABA and 
abiotic and biotic stresses (Wenke et al., 2012). Chen et al. (2010) demonstrated that the 
over-expression of WRKY18 can enhance the plant sensibility to salt and osmotic stress. 
Finally PTAC6 encodes a protein required for gene expression in plastids (Pfalz et al., 2006).
In roots of Tsu-0 we found 10 transcripts with significant change in expression in both time 
points studied (4 and 12 days) correspondent to the Tsu-0 roots core set of Zn deficiency 
responsive genes (Table S33). No biological processes were overrepresented in this set 
of genes. Based on the hierarchical clustering analysis we found two gene clusters with 
transcripts showing a strong pattern of regulation only in roots of the accession Tsu-0 
(Figure 10). Cluster 5 had transcripts strongly down-regulated in roots of Tsu-0, while in Col-
0 and Pa-2 they were strongly up-regulated after 4 days exposure to Zn deficiency (Figure 
10A). In this cluster we found only six transcripts which were involved in glucosinolates 
catabolism, defence response and regulation of stomata movement (Table S67 and S68). 
The genes TGG1 and TGG2 which encode myrosinase proteins involved in glucosinolates 
breakdown and insect defence response (Barth and Jander, 2006). In cluster 5 we also found 
the pathogenesis related gene PR1 previously shown to be up-regulated in response to SA 
accumulation in plants exposed to abiotic and biotic stresses (Caillaud et al., 2013;Liu et al., 
2013). The strong down-regulation of these genes in Tsu-0 roots and up-regulation in Col-0 
and Pa-2 after 4 days exposure to Zn deficiency reinforces our hypothesis that accessions differ 
for the specificity of the response to biotic and abiotic stresses at the transcriptional level.
Cluster 6 was composed of transcripts strongly up-regulated in roots of the accession 
Tsu-0 after 12 days of exposure to Zn deficiency (Figure 10B, Table S69). Surprisingly, this 
cluster was composed of several genes encoding proteins of unknown function and three 
transposases. The strong up-regulation of transposases in Tsu-0 roots after 12 days may 
indicate that when exposed to low Zn concentrations Tsu-0 induces changes in the genome 
sequence or gene regulation via the activation of transposases as an adaptive response. 
However, further studies are needed to understand and characterize the mechanism 
underlying this response and the transcripts involved in the down-stream signaling 
network. In the genome level several deleterious effects can be caused by the induction 
of transposases in response to stress conditions, such as gene deletion or insertion, 
chromosome rearrangement and changes in gene expression (Ma and Bennetzen, 2006;Ito, 
2012). Castrillo et al. (2013) also demonstrated that in A. thaliana plants exposed to high 
As(V) concentration the transcription factor WRKY6 induced the down-regulation of several 
transcripts encoding transposases. These authors found no evidence that the induced 
changes in expression of transposases resulted from epigenetic regulation as suggest in 
other studies (Tsukahara et al., 2009;Mirouze and Paszkowski, 2011;Bucher et al., 2012).
In shoots of Tsu-0 we found 60 transcripts with significant change in expression in both 
time points studied (Table S41). These transcripts were correspondent to the Tsu-0 
specific core Zn deficiency responsive genes and were involved in defence response, 
response to stress, SA, biotic stimulus, bacteria and other organism (Table S42). Based on 
the hierarchical clustering analysis we found two clusters with transcripts showing strong 
differential expression in shoots of the accession Tsu-0 (Figure 11). Cluster 7 was composed 
of 19 transcripts strongly up-regulated only in Tsu-0 shoots after 4 days exposure to Zn 
157
deficiency (Figure 11A, Table S70). Among the transcripts in this cluster we found two genes 
encoding lactoylglutathione lyase metalloenzymes, GLYI4 and GLYI7, shown to be highly 
induced under stress conditions (Mustafiz et al., 2011). Other studies also demonstrated 
that the over-expression of genes involved in the glyoxalase pathway in tobacco plants 
resulted in a higher tolerance to salt stress and Zn excess (Singla-Pareek et al., 2003;Singla-
Pareek et al., 2006). These findings indicate that the higher expression of these genes in 
Tsu-0 shoots may relate to the observed high tolerance to Zn deficiency in Tsu-0 shoot.
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Figure 10: Clusters of transcripts selected for showing an accession specific differential 
pattern of expression in roots of Tsu-0. Cluster 5 is composed of transcripts strongly down-
regulated in roots of the accession Tsu-0, while in Col-0 and Pa-2 these transcripts were 
strongly up-regulated (A). Cluster 6 is composed of transcripts strongly up-regulated in roots 
of the accession Tsu-0 after 12 days of exposure to Zn deficiency (B). Lines represent the 
transcripts overall trend of expression across the accessions and time points. Complete list of 
genes is shown in tables S67 and S69. 
 
In shoots of Tsu-0 we found 60 transcripts with significant change in expression in both time 
points studied (Table S41). These transcripts were correspondent to the Tsu-0 specific core Zn 
deficiency responsive genes and were involved in defence response, response to stress, SA, 
biotic stimulus, bacteria and other organism (Table S42). Based on the hierarchical clustering 
analysis we found two clusters with transcripts showing strong differential expression in 
shoots of the accession Tsu-0 (Figure 11). Cluster 7 was composed of 19 transcripts strongly 
up-regulated only in Tsu-0 shoots after 4 days exposure to Zn deficiency (Figure 11A, Table 
S70). Among the transcripts in this cluster we found two genes encoding lactoylglutathione 
lyase metalloenzymes, GLYI4 and GLYI7, shown to be highly induced under stress conditions 
(Mustafiz et al., 2011). Other studies also demonstrated that the over-expression of genes 
involved in the glyoxalase pathway in tobacco plants resulted in a higher tolerance to salt 
stress and Zn excess (Singla-Pareek et al., 2003;Singla-Pareek et al., 2006). These findings 
indicate that the higher expression of these genes in Tsu-0 shoots may relate to the observed 
high tolerance to Zn deficiency in Tsu-0 shoot. 
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Figure 10: Clusters of transcripts selected for showing an accession specific differential 
patt rn of expression in roots of Tsu-0. Cluste  5 is composed of transcri ts strongly down-
regulated in roots of the accession Tsu-0, while in Col-0 and Pa-2 these transcripts were 
strongly up-regulated (A). Cluster 6 is composed of transcripts strongly up-regulated in 
roots of the accession Tsu-0 after 12 days of exposure to Zn deficiency (B). Lines represent 
the transcripts overall trend of expression across the accessions and time points. Complete 
list of genes is shown in table S67 and S69.
The second cluster we selected in Tsu-0 shoots consisted of 58 transcripts strongly down-
regulated only in Tsu-0 after 12 days of exposure to Zn deficiency (Figure 11B, Table S71). 
Transcripts in cluster 8 were involved in response to biotic stress and regulation of gene 
expression (Table S72). In addition, genes of the AP2-EREBP TF family were over-represented 
in this gene cluster. Previously, we also found three members of this TF family among the 
Tsu-0 specific transcripts down-regulated in roots. In Tsu-0 shoots we found five genes 
encoding ethylene responsive element binding factors (ERFs) which belonged to the AP2-
EREBP TF family. Among these genes were ERF-1, ERF4, ERF5, ERF6 and ERF13. Dubois et 
al. (2013) demonstrated that the increased expression of ERF5 and ERF6 under drought 
stress inhibits cell proliferation and leaf growth. The up-regulation of these two TFs induces 
the degradation of the enzyme GA2-oxidase and stabilizes DELLA proteins which interrupt 
the normal cell cycle and growth (Achard et al., 2009;Claeys et al., 2012). In addition, we 
found the gene ERF4 in this cluster, which is involved in the regulation of leaf senescence 
and its loss of fu ction leads to  d lay in this pr cess (Koyama et al., 2013). These findings 
may indicate that the smaller reduction in shoot biomass under Zn deficiency observed 
in the accession Tsu-0 in comparison to Col-0 and Pa-2 results from the down-regulation 
of ERF TFs in Tsu-0 shoots after 12 days. In line with this hypothesis we also observed no 
significant change in expression of these TFs in Col-0 and Pa-2 shoots under Z  deficiency.
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3.5.3. Pa-2 specific transcripts
The accession Pa-2 induced changes in the cell wall structure in both roots and shoots after 
exposure to Zn deficiency. Among the Pa-2 specific transcripts up-regulated in roots after 
4 days of exposure to Zn deficiency we found four genes involved in cell wall modification 
in root tissue (Table 4 and S43). The gene TCH4 encodes a protein involved in cell wall 
modification shown to be induced in response to several stresses (Iliev et al., 2002). The gene 
XTH20 encodes a xyloglucan endotransglucosylase/hydrolase (XTH) protein which plays a 
role in xylem development and cellular glucan metabolism (Vissenberg et al., 2005;Miedes 
et al., 2013). The gene XTH16 is also involved in cellular glucan metabolism and XTH9 plays a 
role in rearranging the xyloglucan chains to enable cell wall loosening and shaping (Imoto et 
al., 2005). Interestingly, the genes XTH9, 16 and 20 were also down-regulated in Pa-2 shoots 
after 12 days exposure to Zn deficiency (Table 4 and S56). Other transcripts belonging to the 
glycoside hydrolase family which were down-regulated in Pa-2 shoots after 12 days were: 
XTH6, 24, 25, 27 and 33 (Table 4). All shown to be involved in glucan metabolism and cell wall 
modification (Oh et al., 1996;Rose et al., 2002;Matsui et al., 2005;Ndamukong et al., 2009).
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Figure 11: Clusters of transcripts selected for showing an accession specific differential 
pattern of expression in shoots of Tsu-0. Cluster 7 is composed of transcripts strongly up-
regulated only in Tsu-0 shoots after 4 days exposure to Zn deficiency (A). Cluster 8 is 
composed of transcripts strongly down-regulated only in Tsu-0 shoots after 12 days of 
exposure to Zn deficiency (B). Lines represent the transcripts overall trend of expression 
across the accessions and time points. Complete list of genes is shown in tables S70 and S71. 
 
The second cluster we selected in Tsu-0 shoots consisted of 58 transcripts strongly down-
regulated only in Tsu-0 after 12 days of exposure to Zn deficiency (Figure 11B, Table S71). 
Transcripts in cluster 8 were involved in response to biotic stress and regulation of gene 
expression (Table S72). In addition, genes of the AP2-EREBP TF family were over-
represented in this gene cluster. Previously, we also found three members of this TF family 
among the Tsu-0 specific transcripts down-regulated in roots. In Tsu-0 shoots we found five 
genes encoding ethylene responsive element binding factors (ERFs) which belonged to the 
AP2-EREBP TF family. Among these genes were ERF-1, ERF4, ERF5 ERF6 and ERF13. 
Dubois et al. (2013) demonstrated that the increased expression of ERF5 and ERF6 under 
drought stress inhibits cell proliferation and leaf growth. The up-regulation of these two TFs 
induces the degradation of the enzyme GA2-oxidase and stabilizes DELLA proteins which 
interrupt the normal cell cycle and growth (Achard et al., 2009;Claeys et al., 2012). In 
addition, we found the gene ERF4 in this cluster, which is involved in the regulation of leaf 
senescence and its loss of function leads to a delay in this process (Koyama et al., 2013). 
These findings may indicate that the smaller reduction in shoot biomass under Zn deficiency 
observed in the accession Tsu-0 in comparison to Col-0 and Pa-2 results from the down-
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Figure 11: Clusters of transcripts selected for showing an accession specific differential 
pattern of expression in shoots of Tsu-0. Cluster 7 is composed of transcripts strongly 
up-regulated only in Tsu-0 shoots after 4 days exposure to Zn deficiency (A). Cluster 8 is 
composed of transcripts strongly down-regulated only in Tsu-0 shoots after 12 days of 
exposur  to Zn deficiency (B). Lines represent the transcri ts overall trend of expression 
across the accessions and time points. Complete list of genes is shown in table S70 and S71.
The up-regulation of several genes encoding XTHs proteins in Pa-2 roots may reflect the high 
sensitivity of Pa-2 roots to the Zn deficiency treatment. This hypothesis is supported by the 
many important roles XTHs proteins have, such as cell wall loosening and strengthening, 
integration of new xyloglucans to the cell wall, trimming xyloglucans which are not tightly 
stuck to the surface of cellulose, fruit softening and hydrolization of xyloglucans during 
xylem formation (Cosgrove, 2005). In addition, other studies have shown an increase in the 
roo  plasma membrane perme bility in lants expose  to low Zn conditions (C kmak and 
Marschner, 1988b;Cakmak, 2000). Moreover, the transport of minerals through the apoplast 
from the root cell wall to the xylem is highly dependent on the cell wall cation exchange 
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capacity (CEC), the Casparian band formation and the water flow (Sattehmacher, 2001). 
These studies support our hypothesis that the increased permeability of the root cells under 
Zn deficiency is a result of the damage caused in the root cell wall by the Zn deficiency stress.
Pa-2 specific genes down-regulated in shoots after 12 days exposure to Zn deficiency 
were involved in very long-chain fatty acid (VLCFA) metabolism (Table S56). Among 
these transcripts we found four genes encoding ketoacyl-CoA synthase proteins: KCS1, 
KCS5 and KCS16 and FAH1 (Table 4) described as involved in cuticle development 
and biosynthesis of wax and VLCFA (Todd et al., 1999;Costaglioli et al., 2005;Kunst 
and Samuels, 2009;Nagano et al., 2012). The down-regulation of several transcripts 
involved in cuticle formation in Pa-2 shoots in response to Zn deficiency may be 
a result of its higher sensitivity Zn deficiency in comparison to Tsu-0 and Col-0.
Transcripts involved in plants response to metal ion were up-regulated in Pa-2 shoots 
after 4 days of exposure to Zn deficiency (Table S51). Among these transcripts were ZIP9, 
YSL1 and FER3 (Table 4). ZIP9 is a member of the ZIP Zn2+ transmembrane transporter 
family and YSL1 encodes a protein involved in the transport of Zn and other metals 
complexed with nicotianamine from senescing tissues to reproductive organs (Grotz et 
al., 1998;Waters et al., 2006;Waters and Grusak, 2008). Both were previously shown to be 
up-regulated in A. thaliana plants in response to Zn deficiency (Wintz et al., 2003;van de 
Mortel et al., 2006;Waters et al., 2006;Jain et al., 2013). FER3 encodes a ferritin protein 
involved in buffering Fe levels and preventing oxidative stress by sequestering the excess 
of Fe present in the cytoplasm (Petit et al., 2001;Ravet et al., 2009). FER3 up-regulation 
may reflect the increased Fe levels in the plant after short term exposure to Zn deficiency 
as a result of the strong up-regulation of Zn transporters which can also transport other 
divalent cations, such as IRT3 (Lin et al., 2009). Other transcripts involved in response 
to metal ion in Pa-2 shoots were NIT3 and SMH7 (Table 4) both demonstrated to be 
up-regulated under sulfur deficiency (Nikiforova et al., 2003;Falkenberg et al., 2008).
We also found that the NAC transcription factor family plays an important role in the stress 
response signalling pathways in Pa-2 shoots under Zn deficiency both after 4 and 12 days of 
exposure to Zn deficiency. Our results show an overrepresentation of genes which belong 
to the NAC transcription factor family among the Pa-2 specific core Zn deficiency responsive 
transcripts in shoots (Tables 4 and S58). The gene ATAF1 was previously shown to be up-
regulated in response to wounding and ABA and to be involved in abiotic and biotic stress 
response in A. thaliana (Wu et al., 2009). NAC3 is involved in leaf senescence (Balazadeh et 
al., 2011), NAC036 is involved in leaf and stem inflorescence growth and development (Kato 
et al., 2010) and RD26 acts in the ABA-mediated response to desiccation (Fujita et al., 2004). 
In roots of Pa-2 we found 44 genes with a significant change in expression in both time 
points (Table S49). No biological processes were overrepresented in the Pa-2 specific core 
Zn deficiency responsive genes in roots. Based on the hierarchical clustering analysis we 
identified two genes clusters with different expression patterns in roots of the accession 
Pa-2 (Figure 12). Cluster 9 consisted of genes strongly up-regulated in Pa-2 roots after 4 days 
and strongly down-regulated after 12 days (Figure 12A, Table S73). Surprisingly, this cluster 
had several genes which encoded proteins of unknown function, transposases (6), other 
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RNA encoding potential antisense genes or unknown proteins (6) and pseudogenes (1). In 
cluster 10, which was composed of transcripts strongly down-regulated in Pa-2 roots after 
12 days (Figure 12B, Table S74) we also found several genes encoding transposases and one 
pseudogene. One of the transposases which belongs to the CACTA-like transposable element 
family identified in this study was previously shown to have its expression altered in a ferritin 
mutant when exposed to excess Fe (Sudre et al., 2013). In addition, among the genes in cluster 
10 were three copia-like retrotransposons previously shown to regulate the expression of 
genes in A. thaliana by altering the chromatin status (Lippman et al., 2003;Madlung et al., 
2005;Nakahigashi et al., 2005). Previously we also observed the strong change in expression 
of transposases in roots of the accession Tsu-0 after 12 days of exposure to Zn deficiency. 
This indicates that Pa-2 induces changes in gene expression and in the genome structure 
as an adaptive response to the Zn deficiency stress in an earlier time point than Tsu-0.
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Figure 12: Clusters of transcripts selected for showing an accession specific differential 
pattern of expression in roots of Pa-2. Cluster 9 is composed of genes strongly up-regulated 
in Pa-2 roots after 4 days and strongly down-regulated after 12 days (A). Cluster 10 is 
composed of transcripts strongly down-regulated in Pa-2 roots after 12 days (B). Lines 
represent the transcripts overall trend of expression across the accessions and time points. 
Complete list of genes is shown in tables S73 and S74. 
 
In shoot tissue of the accession Pa-2 we found 73 genes with significant change in expression 
in response to the Zn deficiency treatment in both time points (Table S58). This set of core Zn 
deficiency responsive genes in Pa-2 shoot had an enrichment of genes from the NAC TF 
family similarly to our findings when analysing the Pa-2 specific genes in shoot. Based on the 
hierarchical clustering analysis we selected two genes clusters with a differential pattern of 
regulation for the accession Pa-2 in shoot tissue. Cluster 11 had transcripts strongly up-
regulated after 4 days and strongly down-regulated after 12 days in Pa-2 shoots (Figure 13A, 
Tables S75 and S76). Two transcripts in this cluster, LPXC2 and LPXC3, were involved in 
lipid A biosynthesis. Lipid A is an important component of the outer membrane in 
Escherichia coli and in A. thaliana it is targeted to the mitochondria but its exact function is 
not yet known (Li et al., 2011). Cluster 12 was composed of transcripts strongly up-regulated 
only in Pa-2 shoots after 4 days of exposure to Zn deficiency (Figure 13B, Table S77). In this 
cluster we found three genes involved in transmembrane receptor activity which encoded 
disease resistance proteins of the TIR-NBS-LRR class. These genes were mainly shown to be 
up-regulated in response to increased SA levels which is consistent with their role in defense 
responce and possibly other SA mediated processes (Meyers et al., 2003;Tan et al., 2007). We 
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Figure 12: Clusters of transcripts selected for showing an accession specific differential 
pattern of expression in roots of Pa-2. Cluster 9 is c mposed of g nes strongly up-regulated 
in Pa-2 roots after 4 days and strongly down-regulated after 12 days (A). Cluster 10 is 
composed of transcripts strongly down-regulated in Pa-2 roots after 12 days (B). Lines 
represent the transcripts overall trend of expression cross the accessions and time points. 
Complete list of genes is shown in table S73 and S74.
These results strengthen the indication that under Zn deficiency the accessions Tsu-0 
and Pa-2 induce changes in the genome structure and gene expression by up- and down-
regulating genes encoding transposases as an adaptive response to the Zn deficiency 
treatment. However, each accession induce  chang  in t e expression of a different group 
of transposases and in different time points. Furthermore, these findings may indicate that 
a higher sensitiveness to Zn deficiency is linked to changes in the regulation of transposases. 
In support to this hypothesis, the accession Tsu-0 induced the expression of transposases 
in roots and exhibit higher sensitivity to Zn deficiency in this organ. In addition, in the 
accession Pa-2 both roots and shoots were sensitive to Zn deficiency and we observed a 
strong induction of changes in the regulation of transposases in both organs in this accession.
In shoot tissue of the accession Pa-2 we found 73 genes with significant change in expression 
in response to the Zn deficiency treatment in both time points (Table S58). The set of core 
Zn deficiency responsive genes in Pa-2 shoot had an enrichment of genes from the NAC TF 
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family similarly to our findings when analysing the Pa-2 specific genes in shoot. Based on 
the hierarchical clustering analysis we selected two genes clusters with a differential pattern 
of regulation for the accession Pa-2 in shoot tissue. Cluster 11 had transcripts strongly up-
regulated after 4 days and strongly down-regulated after 12 days in Pa-2 shoots (Figure 13A, 
Table S75 and S76). Two transcripts in this cluster, LPXC2 and LPXC3, were involved in lipid 
A biosynthesis. Lipid A is an important component of the outer membrane in Escherichia 
coli and in A. thaliana it is targeted to the mitochondria but its exact function is not yet 
known (Li et al., 2011). Cluster 12 was composed of transcripts strongly up-regulated only in 
Pa-2 shoots after 4 days of exposure to Zn deficiency (Figure 13B, Table S77). In this cluster 
we found three genes involved in transmembrane receptor activity which encoded disease 
resistance proteins of the TIR-NBS-LRR class. These genes were mainly shown to be up-
regulated in response to increased SA levels which is consistent with their role in defense 
responce and possibly other SA mediated processes (Meyers et al., 2003;Tan et al., 2007). 
We also found the gene COPT2 which encodes a high affinity Cu transporter protein induced 
under Fe and Cu deficiency in A. thaliana plants (Puig et al., 2007;Perea-Garcia et al., 2013).
Interestingly, in both clusters of Pa-2 shoots we found genes encoding transposases 
similarly to what we observed in Pa-2 and Tsu-0 roots. Cluster 12 contained three 
pseudogenes and two transposases. In cluster 11 we found several transcripts encoding 
transposases (5) and other RNA proteins of unknown function (3) and potential 
antisense genes (2). Two transposases present in this cluster encoded Sadhu non-coding 
retrotransposons: SADHU4-1 and SADHU 5-2. The transposase regulating the transposable 
element SADHU 4-1 was also found in Pa-2 roots among transcripts showing strong 
changes in regulation. Rangwala et al. (2006) examined several members of the Sadhu 
family of retrotransposons and proposed that epigenetic changes play an important role 
in the natural variation observed among them. The induction of transposases is also 
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Figure 13: Clusters of transcripts selected for showing an accession specific differential 
pattern of expression in shoots of Pa-2. Cluster 11 is composed of transcripts strongly up-
regulated after 4 days and strongly down-regulated after 12 days in Pa-2 shoots. Cluster 12 is 
composed of transcripts strongly up-regulated only in Pa-2 shoots after 4 days exposure to Zn 
deficiency. Lines represent the transcripts overall trend of expression across the accessions 
and time points. Complete list of genes is shown in tables S75 and S77. 
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Figure 13: Clusters of transcripts selected for showing an accession specific differential 
patt rn of expression in shoots of Pa-2. Cluster 11 is composed of tra scripts strongly up-
regulated after 4 days and strongly down-regulated after 12 days in Pa-2 shoots. Cluster 12 
is composed of transcripts strongly up-regulated only in Pa-2 shoots after 4 days exposure 
to Zn deficiency. Lines represent the transcripts overall trend of expression across the 
accessions and time points. Complete list of genes is shown in table S75 and S77.
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known to cause deleterious effects, such as gene deletion or insertion, chromosome 
rearrangement and changes in gene expression (Ma and Bennetzen, 2006;Ito, 2012).
Furthermore, our findings indicate that the accession Pa-2 has two groups of transposases 
with differential regulation under Zn deficiency. We observed that transcripts in clusters 9 
and 11 in shoots and roots of Pa-2 had strong contrasting patterns of expression between the 
studied time-points, whereas transcripts in cluster 12 in roots were strongly induced after 
12 days and had an expression level equal to the Zn sufficiency treatment after 4 days of 
exposure to Zn deficiency (Figure 12A, 13A and B). Castrillo et al. (2013) demonstrated that 
when exposed to As (V) A. thaliana plants up-regulated several genes encoding transposases 
and the up-regulation of the transcription factor WRKY6 induced the down-regulation of the 
transposons. This may indicate that transcripts present in these clusters are regulated by 
different regulatory elements, but further studies are needed to confirm this hypothesis.
4. Conclusion
At the physiological level the accession Col-0 had a high tolerance to Zn deficiency in both 
shoot and root tissue. Tsu-0 shoots were more tolerant to Zn deficiency, while its roots were 
more sensitive. The accession Pa-2 was more sensitive to Zn deficiency in root and shoot 
tissue in comparison to the other accessions. We found evidence that in the three accessions 
studied tissues with a higher tolerance to Zn deficiency induced less changes in the ionome 
when exposed to Zn deficiency in comparison to sensitive tissues. At the transcriptional 
level the differential regulation of transcripts involved in defence response between the 
studied accessions may be related to a high level of tolerance to Zn deficiency. The stronger 
induction of defensin and defensin-like genes in roots and shoots of the accession Col-0 
coincided with the high tolerance to Zn deficiency in this accession roots. Differences in 
root growth between accessions may be linked to the observed differential regulation of 
transcripts involved in auxin biosynthesis and transport. Accessions showed differences in 
the regulation of transcripts involved in carbohydrate and glucosinolates metabolism and 
programmed cell death. In the accession Col-0 the differential regulation of protein kinases 
seems to play a role in separating the abiotic and biotic stress response which may be linked 
to its high tolerance to Zn deficiency in both shoots and roots. The up-regulation of transcripts 
involved in toxin catabolism in Tsu-0 shoot may be involved with its high tolerance to Zn 
deficiency in this tissue. Tsu-0 high tolerance to Zn deficiency in shoots may also be linked 
to the differential regulation of ERF TFs shown to be involved in shoot growth and plants 
increased tolerance to abiotic and biotic stresses. The down-regulation of genes involved 
in cell wall structure in Pa-2 roots may reflect its high sensitiveness to Zn deficiency in this 
tissue. Furthermore, the differential regulation of transcripts encoding histone proteins, 
transposases and antisense silencing elements in the studied accessions under low Zn indicate 
their role in the accessions specific adaptation to Zn deficiency stress response. Finally, 
our study provides an overview of the transcripts involved in the regulation of biological 
processes which may play a role in differences in Zn deficiency tolerance observed between 
the studied accessions. Future studies focusing on A. thaliana knock out lines of these 
genes will provide valuable information about their exact role in tolerance to Zn deficiency.
165
5. Aknowledgements
This work was supported by the Centre for BioSystems Genomics, an initiative under the 
auspices of the Netherlands Genomics Initiative. We also gratefully acknowledge Maarten 
Koornneef and David E. Salt for critical comments on earlier versions of this manuscript.
166
Supplemental data
Due to the extensive length of the supplemental tables containing the accession-specific 
genes and cluster genes lists they were not printed with this thesis. The following 
tables are available only online: S6, S8, S10, S12, S14, S16, S18, S20, S22, S24, S25, S27, 
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Trait Treatment Accession Treatment * Accession
SDW (mg) F
1,1
 = 94.940, P = 0.000 F
1,2
 = 13.155, P = 0.000 F
1,2
 = 0.565, P = 0.571
RDW (mg) F
1,1
 = 295.411, P = 0.000 F
1,2
 = 10.623, P = 0.000 F
1,2
 = 12.272, P = 0.000
Shoot [Zn] F
1,1
 = 1040.048, P = 0.000 F
1,2
 = 1.527, P = 0.225 F
1,2
 = 1.032, P = 0.362
Root [Zn] F
1,1
 = 295.411, P = 0.000 F
1,2
 = 10.623, P = 0.000 F
1,2
 = 12.272, P = 0.000
Shoot Zn cont. F
1,1
 = 1275.755, P = 0.000 F
1,2
 = 12.303, P = 0.000 F
1,2
 = 6.853, P = 0.002
Root Zn cont. F
1,1
 = 310.742, P = 0.000 F
1,2
 = 19.295, P = 0.000 F
1,2
 = 20.460, P = 0.000
Shoot ZnUI F
1,1
 = 148.031, P = 0.000 F
1,2
 = 13.691, P = 0.000 F
1,2
 = 7.566, P = 0.001
Root ZnUI F
1,1
 = 142.904, P = 0.000 F
1,2
 = 2.111, P = 0.129 F
1,2
 = 3.005, P = 0.056
Root/Shoot ratio F
1,1
 = 31.240, P = 0.000 F
1,2
 = 13.426, P = 0.000 F
1,2
 = 3.499, P = 0.036
Trait Accession
Rel. change SDW F
1,2
 = 2.752, P = 0.078
Rel. change RDW F
1,2
 = 8.682, P = 0.001
Rel. change Shoot [Zn] F
1,2
 = 0.168, P = 0.846
Rel. change Root [Zn] F
1,2
 = 11.158, P = 0.000
Rel. change Shoot Zn cont. F
1,2
 = 2.429, P = 0.104
Rel. change Root Zn cont. F
1,2
 = 12.618, P = 0.000
Table S2: Results of the two-way ANOVA analysis performed for shoot dry weight (SDW), 
root dry weight (RDW), shoot Zn concentration (shoot [Zn]), root Zn concentration 
(root [Zn]), shoot Zn content (shoot Zn cont.), root Zn content (root Zn cont.), shoot Zn 
usage index (shoot ZnUI), root Zn usage index (root ZnUI) and root/shoot ratio to test 
for significant differences between treatments, accessions and the interaction between 
treatments and accessions, with a cut-off for significance of P<0.05.
Table S3: Results of the one-way ANOVA analysis performed for relative change in shoot 
dry weight (Rel. SDW), root dry weight (Rel. RDW), shoot Zn concentration (Rel. Shoot 
[Zn]), root Zn concentration (Rel. Root [Zn]), shoot Zn content (shoot Zn cont.) and root Zn 
content (root Zn cont.) to test for significant differences between accessions, with a cut-off 
for significance of P<0.05.
169
Shoot element 
concentrations
Treatment Corr. P Accession Corr. P Treatment*Accession Corr. P
B
F
1,1
 = 3.475
P = 0.067
0.080
F
1,2
 = 3.205
P = 0.047
0.056
F
1,2
 = 1.003
P = 0.372
0.496
Na
F
1,1
 = 19.231
P = 0.000
0.000
F
1,2
 = 3.735
P = 0.029
0.039
F
1,2
 = 4.247
P = 0.018
0.043
Mg
F
1,1
 = 21.598
P = 0.000
0.000
F
1,2
 = 48.101
P = 0.000
0.000
F
1,2
 = 7.329
P = 0.001
0.012
P
F
1,1
 = 8.426
P = 0.005
0.007
F
1,2
 = 25.520
P = 0.000
0.000
F
1,2
 = 3.879
P = 0.026
0.045
S
F
1,1
 = 34.384
P = 0.000
0.000
F
1,2
 = 16.508
P = 0.000
0.000
F
1,2
 = 4.358
P = 0.017
0.051
K
F
1,1
 = 41.504
P = 0.000
0.000
F
1,2
 = 42.778
P = 0.000
0.000
F
1,2
 = 7.652
P = 0.001
0.006
Ca
F
1,1
 = 1.447
P = 0.233
0.254
F
1,2
 = 39.387
P = 0.000
0.000
F
1,2
 = 3.200
P = 0.047
0.071
Mn
F
1,1
 = 47.084
P = 0.000
0.000
F
1,2
 = 8.663
P = 0.000
0.000
F
1,2
 = 0.865
P = 0.426
0.465
Fe
F
1,1
 = 27.833
P = 0.000
0.000
F
1,2
 = 2.829
P = 0.063
0.069
F
1,2
 = 3.922
P = 0.025
0.050
Cu
F
1,1
 = 117.847
P = 0.000
0.000
F
1,2
 = 9.239
P = 0.000
0.000
F
1,2
 = 0.472
P = 0.626
7.512
Mo
F
1,1
 = 0.318
P = 0.575
6.900
F
1,2
 = 116.508
P = 0.000
0.000
F
1,2
 = 8.226
P = 0.001
0.004
Zn
F
1,1
 = 1018.584
P = 0.000
0.000
F
1,2
 = 1.465
P = 0.239
2.868
F
1,2
 = 0.998
P = 0.374
0.449
Table S4: Results of the two-way ANOVA analysis performed for shoot element 
concentrations to test for significant differences between treatment, accession and the 
interaction between treatment and accession (n = 12 independent plants). We performed 
a Benjamini-Hochberg multiple comparisons correction and the corrected P values (Corr. P) 
for each comparison are shown.
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Root element 
concentrations
Treatment Corr. P Genotype Corr. P Treatment*Genotype Corr. P
B
F
1,1
 = 2.302
P = 0.134
0.230
F
1,2
 = 1.180
P = 0.314
0.343
F
1,2
 = 1.128
P = 0.330
0.360
Na
F
1,1
 = 1.202
P = 0.277
0.332
F
1,2
 = 1.775
P = 0.177
0.236
F
1,2
 = 4.384
P = 0.016
0.096
Mg
F
1,1
 = 15.484
P = 0.000
0.000
F
1,2
 = 1.954
P = 0.150
0.225
F
1,2
 = 1.255
P = 0.292
0.389
P
F
1,1
 = 17.242
P = 0.000
0.000
F
1,2
 = 3.537
P = 0.035
0.084
F
1,2
 = 1.455
P = 0.241
0.362
S
F
1,1
 = 11.652
P = 0.001
0.002
F
1,2
 = 2.432
P = 0.096
0.192
F
1,2
 = 2.472
P = 0.092
0.184
K
F
1,1
 = 0.004
P = 0.952
11.424
F
1,2
 = 5.354
P = 0.007
0.028
F
1,2
 = 4.122
P = 0.021
0.084
Ca
F
1,1
 = 1.417
P = 0.238
0.317
F
1,2
 = 0.532
P = 0.590
7.080
F
1,2
 = 3.183
P = 0.048
0.115
Mn
F
1,1
 = 1.441
P = 0.234
0.351
F
1,2
 = 6.536
P = 0.003
0.018
F
1,2
 = 1.141
P = 0.326
0.391
Fe
F
1,1
 = 170.382
P = 0.000
0.000
F
1,2
 = 1.288
P = 0.283
0.340
F
1,2
 = 3.389
P = 0.040
0.120
Cu
F
1,1
 = 68.227
P = 0.000
0.000
F
1,2
 = 4.878
P = 0.011
0.033
F
1,2
 = 2.089
P = 0.132
0.226
Mo
F
1,1
 = 0.429
P = 0.515
0.562
F
1,2
 = 2.254
P = 0.113
0.194
F
1,2
 = 1.047
P = 0.357
4.284
Zn
F
1,1
 = 295.411
P = 0.000
0.000
F
1,2
 = 10.623
P = 0.000
0.000
F
1,2
 = 12.272
P = 0.000
0.000
Table S5: Results of the two-way ANOVA analysis performed for root element 
concentrations to test for significant differences between treatment, accession and the 
interaction between treatment and accession (n = 12 independent plants). We performed 
a Benjamini-Hochberg multiple comparisons correction and the corrected P values (Corr. P) 
for each comparison are shown.
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6. General discussion
The importance of Zn as an essential element for plants and other organisms is reflected in 
the wide range of biological processes in which Zn is involved. In the plant model species 
Arabidopsis thaliana between 1,200 and 2,400 proteins are estimated to bind, transport 
or contain Zn in their structure (Broadley et al., 2007;Hänsch and Mendel, 2009;Clemens, 
2010). Plants are sessile organisms, which in nature are often exposed to fluctuations in 
the level of nutrition, among other adverse conditions to which they have to adapt (Trontin 
et al., 2011). In order to cope with fluctuations in the Zn nutrition level, plants developed 
a mechanism of Zn homeostasis to tightly regulate its concentration in the cells, tissues 
and organs (Clemens et al., 2002). Plants facing Zn deficiency develop chlorosis and 
necrotic spots in leaves due to impaired photosynthesis and damage by reactive oxygen 
species (ROS) accompanied with reduced growth, crop yield and Zn concentration in edible 
parts (Marschner, 1995). The World Health Organization and the Food and Agriculture 
Organization estimate that one third of the world population suffers from mild to severe Zn 
deficiency (W.H.O. and F.A.O., 2006). In addition, many agricultural soils world-wide have 
low Zn availability (Cakmak, 2007;Alloway, 2009). Since plants are an important component 
of the human diet, improving plant Zn concentration and Zn deficiency tolerance are of 
paramount importance. Such improvements will enable the selection of crop varieties 
more resistant to adverse environmental conditions and with a higher Zn nutritional level.
Studies using plants natural variation found large intra- and inter-specific variation for 
Zn concentration and in the ability of plants to tolerate Zn deficiency (Broadley et al., 
2007;Wu et al., 2007;Chen et al., 2009;Broadley et al., 2010;Cakmak et al., 2010;Chaab et 
al., 2011;Richard et al., 2011;Baxter et al., 2012;Souza et al., 2014). However, a detailed 
characterization of the mechanisms underlying differences in Zn deficiency tolerance in 
roots and shoots has not been performed. In addition, previous studies which investigated 
the response to Zn deficiency at the transcriptional level were limited to only one A. 
thaliana accession and one time point (Wintz et al., 2003;Talke et al., 2006;van de Mortel 
et al., 2006;van de Mortel et al., 2008;Assunção et al., 2010). Therefore, the separation 
between a species general and genotype specific transcriptional regulation of the response 
to Zn deficiency and the time scale of the induced changes have not yet been reported.
This thesis addressed the possible mechanisms involved in natural variation for Zn deficiency 
tolerance in shoots and roots using a set of twenty diverse A. thaliana accessions considering 
changes in growth, ionome, gene expression level and root morphology. To further investigate 
the transcripts involved in the general and accession specific response to Zn deficiency we 
selected three A. thaliana accessions with contrasting tolerance to Zn deficiency for a whole 
genome transcriptional analysis evaluating roots and shoots in two time points. The choice for 
A. thaliana as a model organism in this study was based on its wide geographical distribution 
and natural variation for several traits combined with the already well-established genome 
sequencing technologies and genetic and molecular tools (Alonso-Blanco and Koornneef, 
2000;Alonso-Blanco et al., 2009;Atwell et al., 2010;Koornneef and Meinke, 2010;Weigel, 2011).
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1.1. Processes involved in Zn deficiency tolerance at the shoot and root level
In order to identify possible mechanisms involved in Zn deficiency tolerance we analysed in 
detail the changes induced by Zn deficiency in roots and shoots in a diverse set of twenty 
A. thaliana accessions as described in chapters 2 and 3. Tolerance to Zn deficiency was 
measured based on the change in biomass and Zn concentration in shoots and roots of 
plants grown under Zn deficiency relative to the Zn sufficiency treatment and Zn usage 
index (ZnUI). The trait ZnUI shows the amount of dry biomass produced per unit of Zn in 
the tissue and enables the comparison of plant genotypes which do not show significant 
differences in Zn concentration, but differ in biomass production under Zn deficiency 
(Siddiqi and Glass, 1981;Marschner, 1995;Cakmak et al., 1998;Good et al., 2004;Genc et 
al., 2006). We demonstrated that differences in Zn deficiency tolerance both at the root 
and shoot level appear to result from differences in the minimum Zn concentration needed 
by each A. thaliana accession to maintain growth. Accessions showed a larger variation 
for ZnUI and shoot and root biomass change in response to Zn deficiency than for Zn 
concentration. This indicates that differences in ZnUI between accessions reflect their ability 
of producing more or less biomass using similar Zn concentrations. Previous studies using 
wheat, barley and rice have also shown that genotypes with different levels of Zn deficiency 
tolerance had similar shoot Zn concentrations and a larger variation in biomass production 
when grown under Zn deficiency conditions (Cakmak et al., 1998;Rengel, 2001;Genc 
et al., 2002;Hacisalihoglu et al., 2003;Wissuwa et al., 2006;Sadeghzadeh et al., 2009).
At the shoot level differences in the expression of genes encoding Zn transmembrane 
transporters (IRT3, ZIP3 and 4) are also involved in tolerance to Zn deficiency in plants. 
The A. thaliana genes IRT3, ZIP3 and 4 are members of the ZIP family of transmembrane 
transporter proteins known to be induced in both roots and shoots of plants exposed 
to Zn deficiency (Grotz et al., 1998;Wintz et al., 2003;van de Mortel et al., 2006;Lin 
et al., 2009;Assunção et al., 2010;Milner et al., 2013). However, to date not so much 
information is known about their exact function in the process of Zn homeostasis which 
is also intriguing mainly because they are not only expressed in roots but also in shoots 
(Sinclair and Kramer, 2012). We analysed how these genes responded to the Zn deficiency 
treatment in shoots of eight A. thaliana accessions with contrasting levels of tolerance 
to Zn deficiency. The expression levels of ZIP3 and 4 were positively correlated with ZnUI 
and shoot dry weight (SDW) and negatively correlated with Zn concentration in shoots 
of plants grown under mild Zn deficiency. Under severe Zn deficiency ZnUI was positively 
correlated with ZIP4 and IRT3. Furthermore, we showed that the expression level of these 
genes increased significantly in response to both Zn deficiency treatments, but significant 
difference between the accessions was observed only under severe Zn deficiency. These 
findings suggest that the increased expression of these genes in accessions tolerant to 
Zn deficiency enabled them to translocate more Zn from roots to shoots and distribute 
it more strategically among the shoot tissues. Likewise to our findings, this would lead to 
an increase in shoot biomass production while Zn concentration does not change. Other 
authors have previously reported that genotypes with a higher ability of translocating Zn 
from roots to shoots were more tolerant to Zn deficiency (Rengel and Graham, 1995;Rengel, 
2001;Singh et al., 2005). Investigating the exact function of these genes in shoots should 
help with the understanding of mechanisms underlying Zn deficiency tolerance in plants.
174
We also used this group of eight A. thaliana accessions with contrasting tolerance to Zn 
deficiency to study differences in the expression level of two genes involved in the plants 
response to ROS and ability to maintain photosynthesis. Previous studies have suggested that 
plants better ability to detoxify the ROS formed under low Zn conditions results in a higher 
tolerance to Zn deficiency by decreasing the oxidative damage to several vital cell components 
such as DNA, membranes and organelles (Cakmak, 2000;Rengel, 2001). We investigated the 
gene CSD2 encoding a Cu/Zn superoxide dismutase enzyme which uses Zn as an structural 
component and is involved in the scavenging of ROS (Sunkar et al., 2006). We also studied 
the gene CA2 encoding a carbonic anhydrase enzyme which needs Zn as a co-factor and is 
necessary for the CO
2 
diffusion through the liquid phase of the cell to the chloroplast during 
photosynthesis (Ferreira et al., 2008). Previous studies have shown that Zn deficiency tolerant 
genotypes are able to maintain CA2 activity under low Zn conditions and hence higher 
photosynthesis rates and biomass production (Rengel and Graham, 1995;Hacisalihoglu et 
al., 2003). Both genes (CSD2 and CA2) are known to have their expression decreased under 
low Zn conditions (Sharma et al., 2004;Li et al., 2013). We found that the expression level of 
CSD2 and CA2 was reduced under Zn deficiency in comparison to Zn sufficiency in almost all 
A. thaliana accessions. Furthermore, variation between the accessions for the expression 
levels of these genes was observed only under severe Zn deficiency conditions and was 
not correlated with a higher tolerance to Zn deficiency (chapter 2). In contrary to previous 
studies, these findings indicate that accessions higher tolerance to Zn deficiency is not 
related to their ability of maintaining the activity of these enzymes under conditions of Zn 
deficiency. Thus, the increased tolerance to Zn deficiency as a result of plants better ability 
of detoxifying the ROS formed under low Zn may result from the increased activity of other 
enzymes involved in this process, such as peroxidases and glutathione reductases. Studies 
have demonstrated the increased activity of peroxidases and other enzymes involved in ROS 
detoxification under Zn deficiency and their possible contribution to a higher tolerance to Zn 
deficiency in plants (Sharma et al., 2004;Chen et al., 2009;Rose et al., 2012;Li et al., 2013).
At the root level differences between the accessions ability to maintain root growth and to 
produce lateral roots when exposed to Zn deficiency play a role in Zn deficiency tolerance. 
Our findings show that not all A. thaliana accessions grown hydroponically which had a higher 
or lower percentage of decrease in root dry weight (RDW) also had higher or lower decrease 
in root total length (RTL). This may indicate that accessions with a lower RDW and higher RTL 
had a larger number of lateral roots. Richard et al. (2011) have also demonstrated that the Zn 
deficiency treatment has an effect on the formation of lateral roots in different A. thaliana 
accessions. Moreover, in the agar plates experiment we showed that the number of lateral 
roots (NLR) was positively correlated with RTL and root surface area (RSA) in the Zn deficiency 
treatment. This shows that accessions with a small decrease in NLR also had a small decrease 
in the RTL under Zn deficiency in comparison to the other accessions. Hence, accessions 
higher ability of maintaining root growth and the formation of lateral roots under low Zn 
conditions have a higher tolerance to Zn deficiency. In chapter 5 we found genes involved in 
auxin biosynthesis and transport showing a differential regulation between three accessions 
with contrasting tolerance to Zn deficiency. The plant growth hormone auxin is associated 
with lateral root formation and axillary branching (Potters et al., 2009). The accession Col-0 
which showed a small decrease in root growth induced the expression of genes involved 
in auxin biosynthesis. On the other hand, the other two accessions (Tsu-0 and Pa-2) which 
had a strong decrease in root growth under Zn deficiency only showed an increase in the 
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expression of genes involved in auxin transport but not in auxin biosynthesis as Col-0. This 
may indicate that the differential regulation of genes involved in auxin biosynthesis and 
transport also has an effect in the differences in root growth between the studied accessions.
Based on our findings in chapters 2 and 3 and previous studies we concluded that 
several mechanisms act together in order to achieve a higher tolerance to Zn deficiency 
in plants. We found that in A. thaliana tolerance to Zn deficiency is related to differences 
in the minimum Zn concentration required for growth, Zn translocation and distribution 
in shoots, formation of lateral roots and ability to maintain root growth. Additional 
mechanisms suggested by other authors as important for Zn deficiency tolerance are: 
ability to solubilise the non-available Zn present in the soil, higher Zn uptake capacity, more 
efficient utilization and compartmentalization of Zn within the plant and a higher ability 
of detoxifying the ROS formed under low Zn conditions (Cakmak et al., 1996;Cakmak, 
2000;Rengel, 2001;Gao et al., 2005;Genc et al., 2006;Hoffland et al., 2006;Wissuwa et al., 
2006;Chen et al., 2009;Impa et al., 2013a;Impa et al., 2013b). For a better understanding 
of the mechanisms underlying Zn deficiency tolerance future studies should investigate 
these mechanisms not covered in this research using natural variation in A. thaliana.
With the purpose of examining the changes induced by Zn deficiency and mechanisms 
involved in Zn deficiency tolerance at the whole genome transcriptional level we used Col-
0 as a reference accession and selected other two A. thaliana accessions with contrasting 
Zn deficiency tolerance based on our findings in chapter 2. Changes in shoot biomass in 
response to Zn deficiency in the accessions indicated that Tsu-0 was more tolerant to Zn 
deficiency while Pa-2 was more sensitive. However, when we did a detailed characterization 
of the response of these three accessions to Zn deficiency both at the shoot and root level 
accessions showed larger differences in tolerance to Zn deficiency in roots than in shoots as 
described in chapter 5. At the shoot level both Tsu-0 and Pa-2 continued showing the highest 
and lowest tolerance to Zn deficiency, respectively. On the other hand, at the root level Tsu-
0 had the strongest decrease in root biomass in response to Zn deficiency followed by Pa-2 
and Col-0. Based on these findings we decided to consider the accession Col-0 as tolerant to 
Zn deficiency in both shoots and roots, Tsu-0 as tolerant in shoots and sensitive in roots and 
Pa-2 as sensitive in both shoots and roots. By investigating the response of these three A. 
thaliana accessions to Zn deficiency in roots and shoots at two time points after exposure to 
Zn deficiency we aimed to fill the gap in previous Zn deficiency transcriptome studies which 
focused on only one A. thaliana accession. In addition, little is known about these transcriptional 
changes over time and in both roots and shoots (Wintz et al., 2003;Talke et al., 2006;van de 
Mortel et al., 2006;van de Mortel et al., 2008;Assunção et al., 2010;Milner et al., 2013).
1.2. The general transcriptional regulation of Zn deficiency homeostasis
In order to study the general response to Zn deficiency described in chapter 4 of this thesis 
we selected the transcripts showing significant change in expression which overlapped 
between the three A. thaliana accessions studied. In line with other studies we observed 
the up-regulation of several Zn deficiency homeostasis genes among the general Zn 
deficiency responsive transcripts in both roots and shoots (Wintz et al., 2003;Talke et al., 
2006;van de Mortel et al., 2006;Assunção et al., 2010;Sinclair and Kramer, 2012;Milner 
et al., 2013). The roots play an essential role in nutrients and water acquisition as they 
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mediate the interface between the soil and the plant (Osmont et al., 2007). Hence the 
roots are able to sense differences in the availability of Zn and other mineral nutrients and 
activate the correspondent signalling pathway, while shoots will only sense Zn deficiency 
when roots are no longer able to supply the required Zn translocation to shoots. Hence 
the roots are expected to respond faster to sudden drops in Zn availability than shoots. 
In agreement with this we demonstrated that at the earlier of two time points (4 days 
after Zn deficiency exposure) Zn deficiency responsive genes were up-regulated only in 
roots, while in the later time point (12 days after Zn deficiency exposure) they were up-
regulated in both root and shoot tissues. Furthermore, the up-regulation of several genes 
encoding Zn transmembrane transporters in response to the Zn deficiency treatment in 
roots indicate that they may play different roles in the process of Zn up-take and transport. 
Either by being present in different regions of the root or localized at the plasma membrane 
of different root cells/tissues. This has also been proposed by van de Mortel et al. (2006) 
who had similar findings while investigating the changes induced by Zn deficiency at the 
transcriptional level in roots of the A. thaliana accession Col-0. Future studies focusing 
on the exact localization of these Zn transmembrane transporter proteins in roots will be 
important for the detailed understanding of the Zn uptake and transport mechanism in roots.
The cross-talk between Zn and Fe has been widely described in several studies and was also 
observed in our study (Chapter 4) (van de Mortel et al., 2006;Baxter et al., 2008b;Shanmugam 
et al., 2011;Gruber et al., 2013). We demonstrate that the accessions common response to 
Zn deficiency at the early time point involves the down-regulation of several Fe homeostasis 
genes in both roots and shoots. This corresponds well with the observed increase in shoot Fe 
concentration and decrease in root Fe concentration we observed in the accessions following 
exposure to Zn deficiency (Chapters 2, 3 and 5). This increase in Fe concentration in shoots 
have previously been attributed to the uptake of Fe by low specificity Zn transmembrane 
transporters, such as IRT3, ZIP3, 11 and 12 which can also transport other divalent cations 
(Lin et al., 2009;Yang et al., 2010;Milner et al., 2013;Shanmugam et al., 2013). On the other 
hand, the observed decrease in Fe concentration in roots probably result from the strong 
decrease in expression of genes involved in Fe homeostasis after plants were exposed to Zn 
deficiency. Moreover the observed down-regulation of Fe homeostasis genes in the early 
time point in both roots and shoots and the up-regulation of Zn deficiency homeostasis 
genes only in roots indicates that the activation of the Fe homeostasis genes transcriptional 
network is faster and more tightly controlled than the Zn signaling pathway in A. thaliana. 
This finding indicates that there are differences in the speed of activation and signaling 
of different elements. The Zn deficiency response in A. thaliana is partially regulated by 
the transcription factors (TFs) bZIP19 and bZIP23 (Assunção et al., 2010). These two TFs 
have been shown to regulate the expression of several members of the ZIP proteins and 
are hypothesized to initiate the response to Zn deficiency in A. thaliana by sensing the 
cellular Zn levels (Sinclair and Kramer, 2012;Assunção et al., 2013;Choi and Bird, 2014).
The general response to Zn deficiency in the three A. thaliana accessions studied induced 
the differential regulation of several circadian clock genes. This indicates the role of circadian 
clock genes in the response of plants to different levels of Zn nutrition. Other studies 
focused on the regulation of genes involved in Fe homeostasis have shown that the A. 
thaliana genes YSL2, IRT1, FRO2, BHLH39 and FER1 have a diurnal regulation of transcription 
(Vert et al., 2002;Schaaf et al., 2006;Hong et al., 2013). These authors demonstrated that 
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the mechanism underlying this response reflected the requirement of energy supply for 
the nutrient transporters and subsequent metabolic pathways which is obtained from 
photoassimilates and coordinated by the circadian clock. In addition, more recently Chen et 
al. (2013b) showed that Fe deficient plants have a longer circadian period which is regulated 
by the genes LHY (Late elongated hypocotyl) and CCA1 (Circadian clock associated1). The 
genes LHY and CCA1 are key components of the circadian clock in A. thaliana and important 
for its correct regulation (Harmer, 2009;Hsu and Harmer, 2014). In our study, the gene 
LHY was down-regulated after 4 days and up-regulated after 12 days in shoots of all three 
A. thaliana accessions, while in roots it had the opposite pattern of regulation (Chapter 
4). In addition, among the general Zn deficiency responsive transcripts we found that in 
shoots other transcripts which are regulated by the circadian clock were down-regulated 
at both time points. Among these genes were TFs which belong to the C2C2-CO-like or 
CONSTANS LIKE family previously shown to be controlled by the circadian clock and affect 
meristem identity (Putterill et al., 1995;Ledger et al., 2001;Griffiths et al., 2003;Andres and 
Coupland, 2012). This may indicate that similarly to Fe the regulation of Zn homeostasis 
under Zn deficiency has an effect on the plant circadian rhythm. As plants were harvested 
always at the same time in our experiment the clock dependent pattern of expression 
of the C2C2-CO-like TFs should be the same at both time points. Further studies using a 
detailed time point experimental set up may enable the identification of Zn homeostasis 
genes which have their expression pattern regulated by the circadian clock or changes in 
the regulation of the circadian clock regulated genes as a result of the low Zn treatment.
Among the accessions general and specific transcripts we also found several plant defensins 
and defensin-like genes. Plant defensins and defensin-like genes encode cysteine-rich 
proteins with a globular three-dimensional structure stabilized by disulfide bonds (Thomma 
et al., 2002;Silverstein et al., 2005). A. thaliana has two families of defensin genes, AtPDF1 
and AtPDF2. In addition more than 300 genes have been annotated as encoding defensin-
like proteins in plants (Thomma et al., 2002;Silverstein et al., 2005). Defensins and defensin-
like genes have been demonstrated to play a role in several biological processes, including 
the response to biotic stresses (Terras et al., 1995;Penninckx et al., 1996;Thevissen et 
al., 1999;Stotz et al., 2009;De Coninck et al., 2010;De Coninck et al., 2013) and in some 
cases abiotic stresses (Koike et al., 2002;Mee Do et al., 2004;Mirouze et al., 2006). Studies 
investigating the Zn and Cd hyperaccumulator Arabidopsis halleri found that PDF1 defensins 
are constitutively expressed in roots of these plants (Mirouze et al., 2006). These authors 
demonstrated for the first time that defensins play a role in Zn homeostasis by showing that 
the overexpression of a defensin gene (PDF1.1) is able to confer tolerance to high Zn levels 
in A. thaliana and yeast (Mirouze et al., 2006). Around the same time van de Mortel et al. 
(2006) also described the strong up-regulation of PDF1 defensin genes in roots of A. thaliana 
plants exposed to Zn deficiency. Other studies also reported the differential expression 
of defensins and defensin-like genes in response to Mo (PDF2.1), Fe (defensin-like gene) 
and K (PDF1.2c) deficiency and drought (PDF1.2) (Armengaud et al., 2004;Buckhout et al., 
2009;Ide et al., 2010;Des Marais et al., 2012). In our study we found the strong up-regulation 
of PDF1 and PDF2 defensins and defensin-like genes both among the accessions common 
and specific transcripts in both roots and shoots (Chapters 4 and 5). The accession Col-0 
had more defensin and defensin-like genes highly up- and down-regulated in response to 
Zn deficiency in roots and shoots in comparison to Tsu-0 and Pa-2 which were considered 
more sensitive to Zn deficiency. This suggests that the differential regulation of defensin and 
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defensin-like genes may result in a higher tolerance to Zn deficiency. However, the exact role 
of defensins in Zn homeostasis is not known and further studies investigating the exact role 
of these proteins in the Zn homeostasis network with the use of knock-out lines are needed.
Exposure to Zn deficiency induces the formation of reactive oxygen species (ROS) in plants 
as a result of the stress which in combination with the impaired function of ROS scavenging 
enzymes may lead to damage. Examples of such enzymes are Cu/Zn superoxide dismutase 
(Cu/ZnSOD) which needs Zn as a structural component and has its activity reduced in 
plants exposed to Zn deficiency (Lindskog, 1997;Cakmak, 2000;Fabre et al., 2007). In line 
with this the reduced expression of the gene CSD2 encoding a Cu/Zn SOD was observed 
in shoots of several A. thaliana accessions when exposed to Zn deficiency as described 
in chapter 2. The formation of ROS has been described in plants both as a response to 
abiotic and biotic stresses (Fujita et al., 2006). It creates a signal that triggers downstream 
transcriptional changes from which many will overlap between biotic and abiotic stress 
(Fujita et al., 2006). We found transcripts involved in ROS scavenging being differentially 
regulated in the A. thaliana accessions in response to the Zn deficiency treatment (Chapters 
4 and 5). Other studies investigating plants response to Zn deficiency have also reported 
the differential regulation of transcripts involved in ROS scavenging in plants exposed to 
low Zn (van de Mortel et al., 2006;Chen et al., 2009;Li et al., 2013). Furthermore, several 
studies investigating the ecological relevance of Zn hyperaccumulation for plant species 
such as Noccea caerulescens have proposed a cross talk between ROS and the induction of 
responses to biotic and abiotic stresses (Fones et al., 2010;Fones et al., 2013;Hoerger et al., 
2013). These authors proposed that hyperaccumulator plants are more resistant to pathogen 
attack due to the cross talk between abiotic and biotic stress responses mediated by the 
ROS. We hypothesize that under Zn deficiency a similar mechanism takes place supported by 
the observed differential regulation of genes involved in defence response and biotic stress 
response in the three A. thaliana accessions studied. This would mean that abiotic stress 
and defence response genes are induced or repressed as an indirect effect of the formation 
of ROS by the Zn deficiency stress. However, further studies are necessary to elucidate the 
cross-talk between ROS, Zn deficiency stress, and defence and abiotic stress responses.
In plants soluble sugars play an important role in the supply of carbohydrates from source 
to sink tissues (Rosa et al., 2009). Soluble sugars can also act on the sensing and signaling 
of abiotic and biotic stress conditions through the plant which may result in changes of 
carbon portioning as an adaptive response (Gill et al., 2003;Rosa et al., 2009;Ahmad et 
al., 2012;Morkunas and Ratajczak, 2014;Tauzin and Giardina, 2014). The changes in sugar 
concentrations in plants exposed to stress conditions can occur due to changes in CO
2 
assimilation as a result of disruption in chloroplast structure or blocking of chloroplast 
electronic transport, activation of antioxidant enzymes, inhibition or delay in the activity 
of enzymes involved in sucrose-starch portioning or increased expression of sucrose 
synthesis enzymes, among other factors (Rosa et al., 2009). Changes in biomass allocation 
between roots and shoots have been demonstrated in A. thaliana plants exposed to N and P 
deficiency (Hermans et al., 2006). In this thesis the three A. thaliana accessions investigated 
in detail at the transcriptional level had differences in biomass allocation when exposed 
to the Zn deficiency treatment (chapter 5). Among the accessions general transcriptional 
changes at an early stage after exposure to Zn deficiency we found the up-regulation of 
transcripts involved in starch catabolism in shoots and the down-regulation of genes 
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involved in carbohydrate metabolism in roots (chapter 4). In addition, accession specific 
transcripts were involved in the regulation of carbohydrate metabolism (chapter 5). Tsu-
0 up-regulated transcripts involved in carbohydrate metabolism in shoot tissue under Zn 
deficiency which may be linked to its higher ability of maintaining shoot growth under Zn 
deficiency in comparison to the other accessions. Furthermore, Tsu-0 and Col-0 down-
regulated transcripts involved in response to carbohydrate in a late time point after exposure 
to Zn deficiency which may be related to the signaling role of sugars under stress conditions.
Some of the genes involved in carbohydrate metabolism present among the accessions’ 
common and specific transcripts were involved in glucosinolate metabolism (chapters 4 
and 5). Glucosinolates are secondary metabolites abundantly found in plant species of the 
Brassicaceae family which play a role in the plant defense against herbivores (Bones and 
Rossiter, 1996;Bednarek et al., 2009). The accessions common response to Zn deficiency 
involved the induction of glucosinolate catabolism and reduction of glucosinolate 
biosynthesis in roots of all three A. thaliana accessions at an early stage after exposure to Zn 
deficiency (chapter 4). However, the accession-specific response to Zn deficiency involved the 
induction of glucosinolate biosynthesis genes in shoot tissue of the accession Tsu-0, whereas 
in Col-0 and Pa-2 genes involved in glucosinolate degradation and biosynthesis inhibition 
were transcriptionally induced (chapter 5). The reduction in glucosinolates biosynthesis 
may result from the overlap between glucosinolates and auxin biosynthesis pathways in 
plants. Indole-glucosinolates and the auxin indol-3-acetic acid (IAA) are both derived from 
the same compound, tryptophan, which indicates that glucosinolates metabolism and 
plant growth are integrated and may explain the differential regulation of these genes 
in the three A. thaliana accessions when exposed to Zn deficient conditions (Grubb and 
Abel, 2006). The plant growth hormone auxin is associated with lateral root formation and 
axillary branching (Potters et al., 2009). The reduction in glucosinolates biosynthesis and 
the induction of its catabolism may reflect plants increased need of auxin biosynthesis in 
response to the Zn deficiency stress. In line with this the accessions Col-0 and Pa-2 had 
the smallest decrease in root biomass in response to Zn deficiency in comparison to Tsu-0.
1.3. Biological processes regulated by accession-specific transcripts and their possible role 
in Zn deficiency tolerance
Glutathione S-transferase proteins (GSTs) catalyze the formation of complexes between 
glutathione and electrophilic xenobics, such as herbicides and xenobiotics, tagging them for 
vacuolar sequestration (Edwards et al., 2000;Wagner et al., 2002). They play an important 
role in protecting cells of the plant against oxidative damage and are known to be induced in 
response to diverse abiotic and biotic stimuli (Sappl et al., 2009). In our study we found several 
genes encoding GSTs to be overrepresented among the accession-specific transcripts (chapter 
5). These genes were up-regulated in shoots and roots of the accession Tsu-0 and may play 
a role in the higher ability of this accession in maintaining shoot growth under Zn deficiency 
in comparison to Pa-2 and Col-0. van de Mortel et al. (2008) also observed the increased 
expression of four genes encoding GSTs in roots of the A. thaliana accession Col-0 under 
conditions of Zn deficiency and Cd excess. However, there was no overlap between the genes 
encoding GSTs found in our study and in the study of van de Mortel et al. (2008). Furthermore, 
the genes GSTU8 and 27 identified in our study have been previously shown to increase their 
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expression in A. thaliana plants exposed to sulfur starvation (Nikiforova et al., 2003). This 
indicates the role of these genes in the plants response to different nutrient stress conditions.
In shoot tissue of the accession Tsu-0 transcripts from the APETALA 2/ethylene responsive 
element binding (AP2-EREBP) family of TF genes were strongly down-regulated (chapter 5). 
Previous studies showed that their up-regulation in response to abiotic stress conditions 
induces the inhibition of cell proliferation and leaf growth while promoting leaf senescence 
(Dubois et al., 2013;Koyama et al., 2013). The down-regulation of these AP2-EREBP TFs 
in Tsu-0 shoots suggests the opposite, i.e. continued growth and proliferation, which 
could well be part of the reason that Tsu-0 maintains shoot growth when grown under 
Zn deficient conditions (chapter 5). The accessions Pa-2 and Col-0 showed no significant 
change in expression of these transcripts in response to the Zn deficiency treatment.
The plant cell wall forms the interface between cells, it has an important role in maintaining 
cell shape and intra and extracellular communication (Keegstra, 2010). The xyloglucan 
endotransglucosylase/hydrolase (XTH) proteins are involved in cell wall loosening and 
strengthening, integration of new xyloglucan molecules to the cell wall, trimming xyloglucans 
which are not tightly aligned to the surface of cellulose, fruit softening and hydrolisation 
of xyloglucans during xylem formation (Cosgrove, 2005). In our study several transcripts 
encoding XTH proteins were up-regulated in Pa-2 roots after 4 days of exposure to Zn deficiency 
and down-regulated in shoots after 12 days (chapter 5). This accession was more sensitive to 
Zn deficiency than the other two, showing a strong decrease in root biomass in response to 
the Zn deficiency treatment. The up-regulation of XTH transcripts in Pa-2 roots may reflect 
its attempt to repair the damage caused by the Zn deficiency treatment on its root cells. The 
transport of Zn and other elements trough the root cells can occur through an apoplastic and 
a symplastic route (Sinclair and Kramer, 2012). Apoplastic transport occurs via the cell walls 
and is highly dependent on the cell wall cation exchange capacity (CEC), the organization of 
Casparian strips around the root stele and the water flow in the root cells (Sattehmacher, 
2001). Thus it is possible that the negative effect of Zn deficiency on growth observed in Pa-2 
is the result of the damage to root cell walls and possible defective control of mineral element 
uptake through the apoplastic route. However, we did not observe a significant increase in 
the concentration of any element only in roots or shoots exclusive to the accession Pa-2.
Chromatin remodelling is among the mechanisms involved in the regulation of gene 
expression in plants. The chromatin is composed by nucleosomal subunits which consists of 
DNA sequences of approximately 146bp wrapped twice around an octamer of core histones 
(H2A, H2B, H3 and H4) (Zhu et al., 2008). The histone proteins regulate the transition of 
chromatin between active and inactive states controlling the accessibility of genes sequences 
to the transcriptional machinery and strongly influencing DNA replication and gene expression 
(Arents and Moudrianakis, 1995;Mariño-Ramírez et al., 2005;Zhu et al., 2008). Chromatin 
remodeling has also been associated with epigenetic changes in gene expression as part of 
the acclimation process after exposure to stress conditions (Zhu et al., 2008). In this thesis 
we demonstrated that the accession Col-0 down-regulated the expression of seven genes 
encoding histone proteins in roots after short term exposure to Zn deficiency (Chapter 5). 
Among these genes were: H3.1, previously shown to regulate heterochromatin condensation 
(Stroud et al., 2012;Vaquero-Sedas and Vega-Palas, 2013;Jacob et al., 2014) and H4, shown 
to regulate gene expression during cold stress acclimation resulting in a higher tolerance to 
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cold in A. thaliana plants (Zhu et al., 2008). Col-0 roots were highly tolerant to Zn deficiency 
in comparison to Pa-2 and Tsu-0 (chapter 5). The down-regulation of these histone proteins 
in an early stage after exposure to Zn deficiency in Col-0 roots may indicate that they play 
an important role in stress acclimation which results in a higher tolerance to Zn deficiency.
Transposable elements (TEs) are DNA sequences which can move from one place in the 
genome to another (Yaakov and Kashkush, 2011). Short interfering RNAs (siRNAs) and 
chromatin modification regulate the transcription of transposases which mediate TEs 
transposition (Wang et al., 2013b). Due to epigenetic changes, the plant response to stress 
conditions can induce the activity of TEs resulting in gene-size deletions or insertions, 
larger chromosomal rearrangements and changes in gene expression (Ma and Bennetzen, 
2006;Lisch, 2009;Tsukahara et al., 2009;Mirouze and Paszkowski, 2011;Bucher et al., 
2012;Ito, 2012). In our study we observed the strong up-regulation of genes encoding 
transposases in roots of Tsu-0 after 12 days of exposure to Zn deficiency. On the contrary, 
accession Pa-2 had a very strong induction of transposases expression already after 4 
days of exposure to Zn deficiency which was strongly repressed again after 12 days, both 
in roots and shoots (Chapter 5). These findings indicate that the differential regulation of 
transposases expression is a clue of large scale chromatin reorganization or demethylation 
which occurs as a response to the Zn deficiency stress. The accession specific differential 
regulation of these genes may indicate that the stress response is higher for Pa-2 than 
for Tsu-0 and Col-0 after 4 days exposure to Zn deficiency, while after 12 days the stress 
response in Tsu-0 is higher. Furthermore, because each of the studied accessions changed 
the expression of a group of TEs and histone proteins it shows that this response is highly 
accession specific. Future studies investigating in detail the targets of these TEs and their 
regulation will help elucidating the mechanisms involved in Zn deficiency homeostasis.
In summary, the research described in this thesis shows that there is natural variation for 
Zn deficiency tolerance between different A. thaliana accessions both at the physiological 
and transcriptional level in shoots and roots. We found several candidate genes with 
a potentially important role in the process of Zn deficiency response and their future 
confirmation through the use of gene knock-out lines is of paramount importance. In 
addition, we provided cues of the time scale induction of several genes involved in Zn 
deficiency homeostasis. This information is useful for future studies investigating the Zn 
sensing mechanism in plants by focusing on the regulation of early Zn deficiency responsive 
genes. Finally, the observed natural variation for Zn deficiency tolerance in A. thaliana also 
indicates that the use of genome wide association mapping studies (GWAs) is a promising 
alternative for future studies aiming to unravel new genes involved in the regulation of 
this trait. With the use of large natural populations of A. thaliana, such as the HapMap 
with 360 accessions, for GWAs we increase the chances of finding natural variants of genes 
involved in the control of Zn deficiency tolerance and investigate their ecological relevance.
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English summary
Zinc is an important structural component and co-factor of proteins in all living organisms. 
The model plant species for genetic and molecular studies, Arabidopsis thaliana, expresses 
more than 2,000 proteins with one or more Zn binding domains. Low Zn availability in 
arable soils is a widespread problem around the world which results in agricultural losses 
and the production of grains with low Zn content. The long-term consumption of low-Zn-
content food items leads to severe health problems in humans as a result of severe or 
mild dietary Zn deficiency. Hence the importance of studying Zn homeostasis in plants 
and mechanisms involved in Zn deficiency tolerance aiming to enhance Zn concentration 
in plants edible parts and to develop varieties with a higher tolerance to Zn deficiency.
Plants are sessile organisms which trough evolution have developed specific traits in order 
to adapt to certain environmental conditions in their surroundings. As a result some plant 
genotypes are more tolerant to Zn deficiency and when exposed to low Zn conditions are 
able to perform better than others. To investigate the physiological mechanisms involved 
in Zn deficiency tolerance I examined natural variation present in a set of twenty diverse 
Arabidopsis thaliana accessions. In chapter 2, differences in shoot biomass production, 
Zn usage index (ZnUI), ionome (concentration of elements) and expression level of six 
key Zn deficiency responsive genes were studied. Accessions did not show large natural 
variation for shoot Zn concentration under Zn deficiency, while the decreases in shoot 
biomass and ZnUI were more variable. The conclusion from this is that accessions differ for 
the minimum Zn concentration required for growth which is associated with differences 
in Zn deficiency tolerance. We also found that the gene expression levels of three Zn 
transmembrane transporters (IRT3, ZIP3 and 4) in shoot were positively correlated with 
ZnUI and shoot biomass, but negatively correlated with shoot Zn concentration. This implies 
that a higher tolerance to Zn deficiency in A. thaliana is associated with an increased Zn 
translocation from root to shoot under low Zn. Furthermore, I used a logistic regression 
model to demonstrate that differences in the shoot ionome can be used as a biomarker 
to identify the plant Zn physiological state. Based on the changes in the concentrations 
of some elements in each of the Zn deficiency treatments it was possible to predict the 
Zn physiological state of the plants similarly to when Zn concentration is used alone.
The adaptive response to Zn deficiency involves physiological changes in shoots, but 
also in roots which play a key role in the acquisition of nutrients. In chapter 3 I used the 
same twenty A. thaliana accessions as described in chapter 2 to identify root system 
architecture traits and changes in the root ionome involved in a higher tolerance to Zn 
deficiency in plants. Similar to shoots, all accessions showed a strong reduction in root 
Zn concentration under Zn deficiency, whereas changes in other root system architecture 
traits were more variable between the accessions. These analyses showed that differences 
between the accessions in root system architecture traits and minimum Zn concentration 
required for growth are important for Zn deficiency tolerance. The Zn deficiency 
treatment also affects the formation of lateral roots and thus root system architecture. 
It was therefore not surprising that the Zn deficiency treatment induced changes in the 
concentrations of other elements which were correlated with changes in root traits.
Plants respond to different concentrations of Zn supply by changing the expression levels 
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of genes involved in the Zn homeostasis network. This is important for the control of the 
Zn concentration and sequestration in plant cells, tissues and organs and involves the 
uptake, accumulation, transport and redistribution of Zn within the plant. Based on the 
work described in chapter 2, three A. thaliana accessions were selected with contrasting 
tolerance to Zn deficiency, and used for a whole genome transcription profiling analysis 
using RNA sequencing. Chapter 4 describes the identification of sets of general and core 
genes used by A. thaliana in its response to Zn deficiency. The purpose of using three 
accessions was to complement previous studies, which used only one accession, and 
identify new candidate genes involved in the general response to Zn deficiency in A. 
thaliana. General transcriptional changes were observed in the regulation of carbohydrate 
metabolism, glucosinolate biosynthesis and the circadian clock. As the transcriptional 
changes were recorded at two time points, it was also possible to distinguish early and late 
responses to Zn deficiency. The early response to Zn deficiency was stronger in roots with 
the induction of several Zn homeostasis genes and repression of Fe uptake genes. The late 
response to Zn deficiency comprised of the strong induction of several Zn uptake, transport 
and remobilization genes in both roots and shoots. These analysis confirmed several genes 
previously identified in Col-0 to have a general role in the Zn deficiency response, but it 
also led to the identification of new candidate genes, such as defensins and defensin-like 
genes, as very promising new actors in the A. thaliana Zn deficiency homeostasis network.
Chapter 5 describes the A. thaliana accession-specific Zn deficiency responsive transcript 
profiles, comparing Tsu-0, Pa-2 and Col-0, with the aim to identify biological processes involved 
in the observed differences in Zn deficiency tolerance between these three accessions. Tsu-
0 displayed a high tolerance to Zn deficiency in shoot, Col-0 (reference accession) showed 
a high tolerance to Zn deficiency in both root and shoot, whereas Pa-2 root and shoot were 
more sensitive to Zn deficiency. Some of the accession-specific Zn deficiency responsive 
transcripts were involved in similar biological processes, such as defence response, 
programmed cell death and carbohydrates and glucosinolates metabolism. The differential 
regulation of these processes between the three accessions may reflect their differences in 
Zn deficiency tolerance. Among the Col-0 specific transcripts were several genes encoding 
proteins kinases which may play a role in a more specific separation of the abiotic and 
biotic stress responses in this accession and possibly involved in its higher tolerance to Zn 
deficiency in both shoots and roots. Tsu-0 specifically changes the expression of a set of shoot 
transcripts encoding ethylene responsive transcription factors which are involved in the 
regulation of shoot growth and plant tolerance to abiotic and biotic stresses, corresponding 
well with the observed shoot Zn deficiency tolerance. Accession Pa-2 down-regulated 
transcripts involved in cell wall organization in roots which correlates with its high sensitivity 
to Zn deficiency in this organ. Finally, the accessions specific response to Zn deficiency also 
resulted in the differential regulation of transcripts encoding transposases which may reflect 
large scale chromatin reorganization or demethylation in response to the stress condition.
The main findings of the research described in this thesis and their implications are 
described in the General Discussion (chapter 6). By investigating the response to Zn 
deficiency in a diverse set of A. thaliana accessions both at the physiological and 
transcriptional level important mechanisms involved in Zn deficiency tolerance were 
identified. Furthermore, several key candidate genes among the accessions general 
and accession-specific Zn deficiency responsive transcripts were identified. The 
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further functional characterization of these genes is expected to reveal important new 
steps in the regulation of Zn homeostasis and Zn deficiency tolerance in A. thaliana.
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Nederlandse samenvatting (Dutch summary)
Zink is een belangrijke structurele component en co-factor van eiwitten in alle levende 
organismen. De modelsoort voor genetische en moleculaire studies aan planten, 
Arabidopsis thaliana, brengt meer dan 2.000 eiwitten tot expressie met één of meer zink 
bindende domeinen. Lage beschikbaarheid van zink in landbouwgronden is een wereldwijd 
probleem dat leidt tot een verlies aan de landbouwproductiviteit en de productie van 
gewassen met een laag zinkgehalte. De langdurige consumptie van voeding met een 
laag zinkgehalte kan leiden tot ernstige gezondheidsproblemen bij de mens als gevolg 
van zinkgebrek. Het is daarom belangrijk de zinkhomeostase in planten te bestuderen 
alsmede de mechanismen die betrokken zijn bij tolerantie van planten voor zinkdeficiëntie. 
Met deze kennis is het mogelijk het zinkgehalte in de eetbare delen van gewassen te 
verbeteren en om rassen te ontwikkelen met een hogere tolerantie voor zinkdeficiëntie.
 
Planten zijn sterk plaatsgebonden organismen die gedurende de evolutie specifieke 
eigenschappen hebben ontwikkeld om zich aan te passen aan bepaalde milieu-
omstandigheden in hun omgeving. Als gevolg daarvan zijn sommige plantgenotypes 
toleranter voor zinkdeficiëntie dan andere. Hierdoor zijn zij bij beter dan andere in staat 
te groeien bij lage zinkconcentraties. Om de fysiologische mechanismen die betrokken 
zijn bij tolerantie voor zinkdeficiëntie te onderzoeken heb ik allereerst de natuurlijke 
variatie die aanwezig is in een set van twintig verschillende Arabidopsis thaliana accessies 
bestudeerd. In hoofdstuk 2 heb ik verschillen in de scheutbiomassa, “zinc usage index” 
(ZnUI), ionoom (concentratie van elementen in de plant) en de expressieniveaus van zes 
belangrijke genen betrokken bij zinkdeficiëntie bestudeerd. Deze accessies bleken geen 
grote natuurlijke variatie in zinkconcentratie in de scheut te vertonen onder een tekort 
aan zink, maar de afname van de scheutbiomassa en ZnUI vertoonden wel grote variatie. 
Dit betekent dat de accessies verschillen in de minimale zinkconcentratie vereist voor 
groei en logischerwijs met verschillen in de tolerantie voor zinkdeficiëntie. Daarnaast 
vond ik dat de genexpressieniveaus van drie transmembraan zinktransporters (IRT3, 
ZIP3 en 4) in de scheut positief gecorreleerd waren met ZnUI en scheutbiomassa, maar 
negatief met zinkconcentratie in de scheut. Dit betekent dat een hogere tolerantie voor 
zinkdeficiëntie in A. thaliana geassocieerd is met een verhoogde translocatie van zink van 
wortel naar scheut onder lage zink concentratie. Verder heb ik een logistisch regressiemodel 
gebruikt om aan te tonen dat verschillen in het scheutionoom gebruikt kunnen worden 
als een biomarker voor de fysiologische status waarin een plant verkeert. Op basis van de 
veranderingen in de concentraties van sommige elementen in elk van de zinkdeficiënte 
behandelingen was het mogelijk om de fysiologische status van planten voor wat betreft 
zink te voorspellen, vergelijkbaar met wanneer aleen de zinkconcentratie is gebruikt. 
De aanpassing van planten aan zinktekort behelst niet alleen fysiologische veranderingen in de 
scheut, maar ook in de wortels, die een sleutelrol spelen bij het opnemen van voedingsstoffen. 
In hoofdstuk 3 heb ik dezelfde twintig A. thaliana accessies als genoemd in hoofdstuk 2 
gebruikt  om eigenschappen van de wortelarchitectuur en veranderingen in het wortelionoom 
te identificeren die betrokken zijn bij een hoge tolerantie voor zinkdeficiëntie. Net als in de 
scheut, vertoonden alle accessies een sterke daling van zinkconcentratie in de wortels onder 
zinkdeficiëntie. Veranderingen in andere eigenschappen van de wortelarchitectuur waren 
meer variabel tussen de accessies. Deze analyses toonden aan dat de verschillen tussen de 
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accessies in wortelarchitectuur en de minimale zinkconcentratie die nodig is voor de groei 
belangrijk zijn voor zinkdeficiëntietolerantie. De  zinkdeficiëntiebehandeling beïnvloedde 
tevens de vorming van zijwortels en daarmee de wortelarchitectuur. Het was dan ook 
niet verwonderlijk dat de zinkdeficiëntiebehandeling veranderingen induceerde in de 
concentraties van andere elementen die gecorreleerd zijn met zink veranderingen in de wortel. 
Planten reageren op verschillende zinkconcentraties door de expressie van de genen die 
betrokken zijn bij het zinkhomeostasenetwerk te veranderen. Dit is belangrijk voor de 
controle van de zinkconcentratie en vastlegging in plantencellen, weefsels en organen en 
behelst de opname, accumulatie, transport en herverdeling van zink in de plant. Op basis 
van het in hoofdstuk 2 en 3 beschreven onderzoek werden drie A. thaliana accessies (Tsu-
0, Pa-2 en Col-0) geselecteerd met contrasterende tolerantie voor zinkdeficiëntie. Deze 
accessies werden gebruikt voor een transcriptoomanalyse met behulp van RNA-sequencing. 
Hoofdstuk 4 beschrijft de identificatie relevante genen gebruikt door A. thaliana in de 
reactie op zinkdeficiëntie. Doordat drie accessies met verschillende zinkdeficiëntiefenotypes 
gebruikt werden, kon de bestaande informatie over het zinkdeficiëntietranscriptome van 
A. thaliana aangevuld worden, en konden nieuwe kandidaatgenen geïdentificeerd worden 
die betrokken zijn bij de generieke reactie op zinkdeficiëntie in A. thaliana. Accessie-brede 
transcriptionele veranderingen werden gevonden voor genen betrokken bij de regulatie van 
het koolhydraatmetabolisme, glucosinolaatbiosynthese en de klok van planten. Aangezien 
de transcriptionele veranderingen op twee tijdstippen werden geanalyseerd, kon zowel de 
vroege als de late reacties op zinkdeficiëntie worden onderscheiden. De vroege respons 
op zinkdeficiëntie (na vier dagen) was sterker in wortels door bijvoorbeeld de inductie van 
verscheidene genen betrokken bij de zinkhomeostase en de repressie van genen betrokken 
bij de ijzeropname. De late reactie op zinkdeficiëntie (na twaalf dagen) bestond uit de 
sterke inductie van verschillende genen betrokken bij de opname, het transport en de 
mobilisatie van zink in zowel wortels als de scheut. Deze analyse bevestigde dat meerdere 
genen die eerder geïdentificeerd waren in A. thaliana een algemene rol spelen bij de 
zinkdeficiëntierespons. We hebben echter ook nieuwe kandidaatgenen geïdentificeerd 
als zeer veelbelovende nieuwe factoren in het zinkdeficiëntiehomeostasenetwerk 
van A. thaliana, zoals defensines en defensine-achtige genen. 
Hoofdstuk 5 beschrijft de zinkdeficiëntie responsieve transcriptieprofielen specifiek 
voor de verschillende A. thaliana accessies. Daarvoor zijn Tsu-0, Pa-2 en Col-0 
vergeleken om biologische processen te identificeren die de waargenomen verschillen in 
zinkdeficiëntietolerantie tussen deze drie accessies verklaren. Tsu-0 vertoonde een hoge 
tolerantie voor zinktekort in de scheut, Col-0 (de referentieaccessie) vertoonde een hoge 
tolerantie voor zinkdeficiëntie in zowel de wortels als de scheut, terwijl de wortel en scheut 
van Pa-2 gevoeliger waren voor zinkdeficiëntie. Enkele accessie- specifieke zinkdeficiëntie 
responsieve transcripten waren betrokken bij vergelijkbare biologische processen, zoals 
afweer, geprogrammeerde celdood en koolhydraat- en glucosinolaatmetabolisme. De 
verschillende regulaties van deze processen tussen de drie accessies kunnen hun verschillen 
in zinkdeficiëntietolerantie verklaren. Onder de specifieke transcripten van Col-0 waren 
verschillende genen die coderen voor kinase-eiwitten, die mogelijkerwijs een rol spelen bij 
de meer specifieke scheiding van de abiotische en biotische stressreacties in deze  accessie 
en zijn mogelijk betrokken bij de hogere tolerantie voor zinkdeficiëntie van zowel scheut 
als wortels. In Tsu-0 zijn specifiek de expressies veranderd  van een set genen die coderen 
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voor ethyleengevoelige transcriptiefactoren die betrokken zijn bij de regulatie van de groei 
van de scheut en tolerantie voor biotische en abiotische stress. Dit komt overeen met de 
zinkdeficiëntietolerantie van de scheut van deze accessie. Genen die lager tot expressie 
kwamen in Pa-2 waren betrokken bij de organisatie van de celwand in de wortels, hetgeen 
correleert met de hogere gevoeligheid voor zinktekort in wortels van deze accessie. 
Tenslotte leidde de accessie-specifieke respons op zinkdeficiëntie ook tot verschillen in 
transcriptie van transposase genen die mogelijkerwijs de grootschalige reorganisatie 
van chromatine of demethylering weerspiegelen als reactie op de stressconditie. 
De belangrijkste bevindingen van het onderzoek beschreven in dit proefschrift en de 
gevolgen daarvan worden tenslotte beschreven in de algemene discussie (hoofdstuk 
6). Door het onderzoeken van de respons op een zinktekort in een gevarieerde 
set van A. thaliana accessies op zowel het fysiologische als het transcriptionele 
niveau heb ik belangrijke mechanismen betrokken bij zink deficiëntie tolerantie 
geïdentificeerd. Bovendien heb ik een aantal belangrijke algemene en accessie-
specifieke zinkdeficiëntie responsieve kandidaat-genen geïdentificeerd. De toekomstige 
functionele karakterisering van deze genen onthult naar verwachting belangrijke nieuwe 
stappen in de regulering van zinkhomeostase en zinkdeficiëntietolerantie in A. thaliana.
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Resumo em Português (Portuguese summary)
O micronutriente zinco (Zn) é um importante componente estrutural e co-fator de proteínas 
e em todos os seres vivos. Arabidopsis thaliana é a planta modelo utilizada para estudos 
genéticos e moleculares e possui cerca de 2.000 proteínas com um ou mais sítios de 
ligação para Zn. A baixa disponibilidade de Zn em solos é um grande problema em todo 
o mundo que resulta em perdas agrícolas e na produção de grãos com baixo teor de Zn. 
Além disso, o consumo a longo prazo de alimentos pobres em Zn pode causar problemas 
de saúde graves em seres humanos. Desta forma, torna-se importente o estudo dos 
mecanismos envolvidos na homeostase de Zn e em uma maior tolerância à deficiência 
de Zn em plantas com o objetivo de se aumentar a concentração de Zn nos alimentos 
e desenvolver variedades de plantas com uma maior tolerância a deficiência de Zn.
As plantas são organismos sésseis que através da evolução desenvolveram traços específicos, 
a fim de se adaptar a certas condições ambientais em seus arredores. Como resultado, 
alguns genótipos de plantas são mais tolerantes à deficiência de Zn e quando expostos 
a condições de pouco Zn mostram uma melhor performance do que outros genótipos 
menos tolerantes. Neste trabalho utilizamos a variação natural presente em um conjunto 
de vinte genótipos de A. thaliana para investigar os mecanismos fisiológicos envolvidos 
na tolerância à deficiência de Zn. No capítulo 2 estudamos as diferenças na produção 
de biomassa da parte aérea, o índice de uso de Zn (ZnUI), o ionoma (concentração de 
elementos) e a expressão de seis genes envolvidos na resposta a deficiência de Zn. Quando 
tratados com deficiência de Zn os genótipos não apresentaram grande variação natural para 
a concentração de Zn na parte aérea, ao passo que o decréscimo da biomassa da parte 
aérea e ZnUI variaram mais entre os genótipos. Com isso concluiu-se que os genótipos 
diferem na concentração mínima de Zn necessária para o crescimento que está associada 
com diferenças na tolerância a deficiência de Zn. Além disso, os níveis de expressão gênica 
na parte aérea de três genes condificando proteinas transportadoras de Zn (IRT3, ZIP3 e 4) 
mostraram uma correlação positiva com ZnUI e biomassa e negativa com a concentração 
de Zn na parte aérea. Este resultado indica que uma maior tolerância à deficiência de Zn 
em A. thaliana está associada com o aumento da translocação Zn da raiz para a parte aérea 
em condições de baixo Zn. Também utilizamos um modelo de regressão logística para 
demonstrar que as diferenças no ionoma da parte aérea podem ser utilizadas como um 
biomarcador para a classificação do estado fisiológico da planta com relação a nutrição de 
Zn. Com base nas alterações na concentração de determinados elementos em cada um dos 
tratamentos de deficiência de Zn este modelo possibilitou prever o estado fisiológico de Zn 
das plantas de modo semelhante ao obtido quando utilizou-se a concentração de Zn apenas.
A resposta adaptativa a deficiência de Zn resulta em alterações fisiológicas na parte aérea 
e também nas raízes que desempenham um papel chave na aquisição de nutrientes. No 
capítulo 3 utilizou-se os mesmos vinte genótipos de A. thaliana, conforme descrito no 
capítulo 2, para identificar características da arquitetura do sistema radicular e mudanças 
no ionoma da raiz envolvidas em uma maior tolerância a deficiência de Zn em plantas. 
Semelhante ao que observamos na parte aérea, quando expostos a deficiência de Zn 
todos os genótipos mostraram uma grande redução na concentração de Zn na raiz. Por 
outo lado, as alterações em outras características da arquitetura do sistema radicular foram 
mais variáveis entre os genótipos. Estas análises mostraram que as diferenças entre os 
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genótipos para características da arquitetura do sistema radicular e concentração mínima 
de Zn necessária para o crescimento são importantes para a tolerância a deficiência de Zn. 
O tratamento de deficiência de Zn também afetou a formação de raízes laterais e, assim, 
a arquitetura do sistema radicular. Foi, portanto, não surpreendente que o tratamento 
de deficiência de Zn induziu também alterações nas concentrações de outros elementos 
na raiz além de Zn que foram correlacionadas com mudanças nas características da raiz.
As plantas respondem a diferentes níveis de Zn no solo alterando a expressão de genes 
envolvidos na homeostase de Zn. Isto é importante para o controle da concentração 
de Zn na planta e para a sua distribuição entre células, tecidos e orgãos através dos 
processos de absorção, acumulação, transporte e redistribuição de Zn no interior da 
planta. Com base no trabalho descrito nos capítulos 2 e 3, foram selecionados três 
genótipos de A. thaliana com contrastantes níveis de tolerância a deficiência de Zn. Este 
foram utilizados para o estudo do transcriptoma ao nível do genoma através da técnica 
de sequenciamento de RNA. No capítulo 4 descrevemos a identificação de conjuntos de 
genes gerais e fundamentais utilizados pelos três genótipos de A. thaliana em resposta 
à deficiência de Zn. Três genótipos foram utilizados com o objetivo de se complementar 
estudos anteriores que utilizaram apenas um genótipo e identificar novos genes envolvidos 
na resposta geral à deficiência de Zn em A. thaliana. Genes controlando a resposta geral 
desses genótipos a deficiência de Zn estavam envolvidos na regulação do metabolismo 
de carboidratos, biossíntese de glucosinolates e relógio circadiano. Neste experimento 
as plantas foram coletadas em dois pontos de tempo para a identificação das mudanças 
transcricionais rápidas e tardias após a transferência das plantas para o tratamento de 
deficiência de Zn. Observamos que a resposta rápida a deficiência de Zn foi mais forte 
em raízes com a indução de vários genes envolvidos na homeostase de Zn e repressão de 
genes envolvidos na absorção de Fe. A resposta tardia à deficiência de Zn caracterizou-se 
pela forte indução de vários genes envolvidos na absorção, transporte e remobilização de 
Zn na raiz e parte aérea. Também encontramos vários genes previamente identificados 
em estudos utilizando apenas o genótipo Col-0 de A. thaliana envolvidos na resposta a 
deficiência de Zn, além de novos genes candidatos, tais como os defensins e defensin-like.
No capítulo 5 descrevemos a resposta específica de cada genótipo de A. thaliana a deficiência 
de Zn no nível transcricional. Neste estudo comparamos os genótipos Tsu-0, Pa-2 e Col-0 
com o objetivo de identificar os processos biológicos envolvidos nas diferenças observadas 
em níveis de tolerância à deficiência de Zn entre estes três genótipos. Tsu-0 mostrou uma 
alta tolerância a deficiência de Zn na parte aérea, Col-0 (genótipo referência) mostrou uma 
alta tolerância a deficiência de Zn na raiz e parte aérea, ao passo que Pa-2 mostrou uma 
menor tolerância a deficiência de Zn na raiz e parte aérea. Alguns dos genes envolvidos na 
resposta específica de cada A. thaliana genótipo a deficiência de Zn participam da regulação 
de processos biológicos similares, por exemplo: defesa, morte celular programada e 
metabolismo de carboidratos e glucosinolates. Isto indica que a regulação diferencial 
desses processos entre os três genótipos pode refletir as diferenças em tolerância a 
deficiência de Zn observadas entre os três genótipos. Genes específicos do genótipo Col-0 
codificavam proteínas quinases que desempenham um papel na separação mais específica 
das respostas aos estresses abióticos e bióticos e estão possivelmente envolvidos em 
sua maior tolerância a deficiência de Zn na raiz e parte aérea. O genótipo Tsu-0 mudou 
especificamente a expressão de um conjunto de genes codificando fatores de transcrição 
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responsivos ao etileno que estão envolvidos na regulação do crescimento da parte aérea 
e tolerância a estresses bióticos e abióticos e podem estar relacionados a sua maior 
tolerância a deficiência de Zn na parte aérea. O genótipo Pa-2 reprimiu a expressão de genes 
envolvidos na organização da parede celular em raízes que podem estar relacionados com 
a sua maior sensibilidade a deficiência de Zn neste órgão. Finalmente, a resposta específica 
dos A. thaliana genótipos a deficiência de Zn também resultou em mudanças na regulação 
de genes codificando transposases, que podem estar envolvidos em reorganizações 
de grande escala da cromatina ou desmetilação em resposta à condição de stress.
As principais conclusões do estudo descrito nesta tese e suas implicações são abordadas na 
Discussão Geral (capítulo 6). Ao investigar a resposta de um conjunto diverso de genótipos de 
A. thaliana a deficiência de Zn ao nível fisiológico e transcricional identificamos importantes 
mecanismos fisiológicos e de transcrição envolvidos na tolerância a deficiência de Zn. Além 
disso, diversos genes candidatos foram identificados entre os genes envolvidos na resposta 
geral e específica de cada genótipo de A. thaliana a deficiência de Zn. Estudos futuros 
envolvendo a caracterização funcional desses genes podem revelar novos e importantes 
passos na regulação da homeostase Zn e tolerância à deficiência de Zn em A. thaliana.
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61. General Introduction
1.1. Zn deficiency
Plants are sessile organisms which have to adapt to their surrounding conditions, therefore 
they have developed strategies to survive and grow under different environments and 
climates. The planet Earth’s biosphere shows a lot of variation regarding its chemical 
composition due to environmental changes and human interference which occurred in the 
past and are still occurring (Krämer and Clemens, 2005). One of these changes involves 
the mineral status of soils. Zn deficiency is one of the most widespread limiting conditions 
for crop production. It affects 30% of the world soils, including many agricultural lands in 
Australia, South-east Asia, Central and South America, Africa, India, Spain, USA, among 
others (Alloway, 2009). In addition, the majority of soils cropped in Turkey, India, Pakistan, 
China and Iran have adverse soil chemical properties which results in poor Zn nutrition and 
negatively affects growth of widely cropped plant varieties, such as wheat (Cakmak, 2007).
The main soil factors causing Zn deficiency are: (1) low Zn content, (2) low soil moisture, 
(3) high soil pH, (4) high CaCO
3
 content, (5) low amount of organic matter, (6) sandy 
soil, and (7) high amount of phosphorous in soils (Marschner, 1995;Cakmak, 2007). 
These soil properties contribute to a decrease in the solubility and bioavailability 
of Zn e.g., increasing soil pH from 6 to 7 reduces the chemical solubility of Zn in soil 
nearly 30-fold (Marschner, 1993). As a consequence, under these soil conditions 
absorption of Zn at adequate amounts for a good crop production and for sufficiently 
high mineral concentrations in the plant edible parts is significantly reduced.
Micronutrients (including Zn) deficiency is also a problem for humans. In regions of 
the world where people rely on monotonous diets, consuming only staple food crops, 
deficiency in Zn and other micronutrients is a widespread problem. According to WHO 
and FAO (2006) around 20% of the world population is at risk of Zn deficiency. In humans 
mild Zn deficiency is more common and can result in children’s reduced growth rate, 
impairment of brain function, lower resistance to infections, reduced taste acuity, increased 
severity and duration of diarrhea and delayed wound healing (Hambidge, 2000;Black, 
2003). Recent studies have also shown that changes in cellular Zn concentration play a 
role in the development of cancer cells in humans. This influence can be direct through 
the regulation of gene expression and cell viability or indirect by affecting the immune 
responses (Murakami and Hirano, 2008). Moreover, other studies have suggest that Zn 
acts an antioxidant molecule involved in defense mechanisms (Welch and Graham, 2002).
Zn deficient plants show chlorosis in young leaves, smaller leaf size, stunted growth and 
thin stems. Severe Zn deficiency may result in leaf wilting and curling with attenuated 
chlorosis and necrosis. These symptoms usually appear at first in young leaves due to a 
reduced mobility of Zn through the phloem from older to younger leaves (Hacisalihoglu 
and Kochian, 2003). Zn deficient plants usually have 15-20 µg Zn per g leaf dry weight, 
whilst it is necessary at least 20-100 µg Zn per g leaf dry weight for normal growth 
(Marschner, 1995). Zn deficient plants also show increased susceptibility to other biotic and 
abiotic stresses, such as high light and temperature and pathogen infection (Marschner, 
1995;Cakmak, 2000;Fones et al., 2010;Peck and McDonald, 2010;Disante et al., 2011;Fones 
7and Preston, 2013). Furthermore, Zn was shown to be essential for the maintenance 
of the plasma membrane integrity as a result of the formation of reactive oxygen 
species (ROS) under conditions of low Zn (Cakmak and Marschner, 1988b;O’Dell, 2000).
Zn is also known to play a key role in the protection of plants against oxidative stress. 
ROS are usually produced under biotic and abiotic stress conditions such as drought, low 
temperature, heat and pathogen attack (Mithöfer et al., 2004). One of the ROS is the 
superoxide radical (O
2
-) which can be detoxified by the enzyme superoxide dismutase 
(SOD). In the plant there are three types of SOD, being the most important of them the Zn-
containing Cu/Zn SOD present in the chloroplast (Cakmak, 2000). When plants are exposed 
to Zn deficiency less Cu/Zn SOD is produced which results in higher concentrations of 
superoxide radicals (Cakmak and Marschner, 1988a). The higher concentrations of this ROS 
increases the oxidation of proteins present in the membrane and results in the appearance 
of chlorotic and necrotic spots in the leaves (Marschner, 1995;Kirkby and Hillel, 2005).
The importance of Zn is related to its wide use in biological processes. In plants more than 
2.000 proteins are predicted to bind, transport or contain Zn2+ in their structure (Broadley 
et al., 2007;Hänsch and Mendel, 2009;Clemens, 2010). Among the transition metal ions 
the ion Zn2+ has unique chemical properties which enable it to participate in a wide range 
of biological processes. For example, because Zn occurs in a single oxidation state it cannot 
participate of free radical reactions (Berg and Shi, 1996). In addition, Zn is a strong electron 
pair acceptor with fast ligand exchange properties and flexible geometry. These properties 
make Zn ideal for catalyzing reactions, mediate protein-protein interactions and function as 
structural component of proteins (Krämer and Clemens, 2005). In the cell Zn is present in 
high concentrations in the nucleus and nucleoli. It is a structural component of transcription 
factors, RNA and DNA polymerases, histone deacetylases and splicing factors involved in 
nucleic acid synthesis and maintenance (Scrutton et al., 1971;Slater et al., 1971;Krishna et al., 
2003;Krämer and Clemens, 2005;North et al., 2012). In the cytoplasm Zn acts on the translation 
process and as a cofactor for the tRNA synthetases. In addition, the cytoplasm, lysosome, 
vacuoles and apoplast contain a lot of Zn-dependent enzymes such as α-mannosidase 
(Snaith and Levvy, 1968), carboxypeptidases, purple acid phosphatases with a binuclear 
metallocenter (Li et al., 2002) and matrix metalloproteinases (Maidment et al., 1999). Zn is 
also very important for photosynthesis and carbohydrate metabolism as part of the structure 
of the enzymes carbonic anhydrase and D-ribulose-5-phosphate 3-epimerase (Lindskog, 
1997;Jelakovic et al., 2003;Fabre et al., 2007). Furthermore, there is evidence of Zn playing a 
role as a signaling molecule in plants via mitogen-activated protein kinases (Lin et al., 2005).
1.2. Zn deficiency homeostasis and the genes involved
In order to achieve and maintain an ideal concentration of Zn in cellular compartments 
and tissues plants have evolved a mechanism named Zn homeostasis network (Clemens et 
al., 2002). The Zn homeostasis network can be divided in the following processes: uptake, 
buffering, translocation, storage and detoxification of Zn. These processes are controlled 
through the activation and deactivation of genes encoding Zn transport proteins, chelating 
molecules and signaling molecules. In the soil Zn can be present in two forms: (1) as the soluble 
divalent cation Zn2+ or (2) complexed with insoluble molecules of phosphates, carbonates and 
hydroxides (Welch and Graham, 2004;Sinclair and Kramer, 2012). The soluble Zn can be readily 
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apoplast. Whereas, the insoluble Zn has to be solubilized via plant mediated acidification of 
the soil or secretion of low-molecular-weight organic chelators, such as phytosiderophores 
(von Wirén et al., 1996). However, the latter has only been reported in grasses.
When plants are exposed to low levels of Zn nutrition the roots are the first organ to sense 
the change and respond by inducing the uptake of Zn which can occur via the apoplastic or 
symplastic route. In the apoplastic route Zn and other elements are transported together 
with water through the apoplastic spaces between the cells in the root epidermis and cortex 
until it reaches the casparian strip in the endodermis, which makes that Zn is transported 
via the symplast to the pericycle (Sinclair and Kramer, 2012). In Arabidopsis thaliana the 
symplastic uptake and transport of Zn at the root level is mediated by members of the Zinc-
Regulated Transporter, Iron-Regulated Transporter (ZRT-IRT)-like protein (ZIPs) family which 
is composed of fifteen genes ZIP1-12 and IRT1-3 (Grotz et al., 1998). These genes encode 
proteins involved in the transport of Zn through the plasma membrane of cells into the 
cytosol (Grotz et al., 1998;Sinclair and Kramer, 2012). At least ten members of this gene 
family where shown to be up-regulated in response to Zn deficiency (ZIP1, 2, 3, 4, 5, 9, 10, 
11, 12 and IRT3) in previous studies (Wintz et al., 2003;Talke et al., 2006;van de Mortel 
et al., 2006;van de Mortel et al., 2008;Lin et al., 2009;Assunção et al., 2010). Other two 
genes encoding closely related transcription factors (TFs) bZIP19 and 23 were described as 
regulating the response to Zn deficiency in A. thaliana plants (Assunção et al., 2010). The 
exact mechanism of activation of these TFs is not yet known, but they were hypothesized to 
be present under normal growth conditions in an inactive form which is activated when plants 
face low Zn conditions (Sinclair and Kramer, 2012;Assunção et al., 2013). In the active form 
bZIP19 and 23 can bind to the ZDRE (Zn deficiency responsive element) present in several 
members of the ZRT-IRT like Zn transmembrane transporters and induce their transcription 
allowing the plant to enhance Zn uptake under low Zn conditions (Assunção et al., 2010).
The ZRT-IRT like proteins will transport Zn through the root tissues (epidermis, cortex and 
endodermis) until it reaches the pericycle or xylem parenchyma where Zn is loaded into 
the xylem. The translocation of Zn from root to shoot in A. thaliana plants is mediated by 
the Heavy metal ATPases of the P1B-type ATPases proteins HMA2 and HMA4 (Cobbett et 
al., 2003;Eren and Arguello, 2004;Verret et al., 2004) and by the plant cadmium resistance 
protein encoded by the gene PCR2 (Song et al., 2010). However, only the gene HMA2 was 
shown to have its expression level increased in both shoots and roots of plants exposed 
to Zn deficiency conditions (Eren and Arguello, 2004;Hussain et al., 2004;Sinclair et al., 
2007;Wong et al., 2009). The gene FRD3 (Ferric Reductase Defective 3) also plays a role in 
the root to shoot Zn translocation through the xylem. FRD3 encodes a multidrug and toxin 
efflux (MATE) transporter protein which exports low molecular weight ligands that bind 
Fe and Zn inside the root vasculature and facilitates their root to shoot transport (Rogers 
and Guerinot, 2002;Green and Rogers, 2004;Durrett et al., 2007;Pineau et al., 2012).
In shoot tissue genes belonging to the ZRT-IRT-like protein family and HMA2 have their 
expression level increased in plants exposed to Zn deficiency (Grotz et al., 1998;Wintz et 
al., 2003;Assunção et al., 2010). Indicating that in shoots these genes play a role in the 
unloading of Zn from the xylem into the leaf tissue cells and its transport between leaf cells. 
After reaching the shoot tissue Zn can be re-distributed between tissues through the phloem 
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proteins which catalyze the last step of NA synthesis (Suzuki et al., 1999). Wintz et al. (2003) 
demonstrated that all the A. thaliana NAS genes (NAS1-4) are up-regulated in response to 
Zn deficiency, whereas van de Mortel et al. (2006) found that only NAS2 and NAS4 were 
strongly up-regulated in A. thaliana roots under Zn deficiency conditions. NA is able to 
chelate Zn and other metals forming metal-NA complexes which can be transported through 
the phloem or xylem (Suzuki et al., 1999;Takahashi et al., 2003;Klatte et al., 2009;Haydon et 
al., 2012). The Yellow Stripe-Like family of transporter proteins act by transporting NA-metal 
complexes into the cytosol (DiDonato et al., 2004). A. thaliana encodes eight members 
of this gene family, but only YSL3 was shown to respond to Zn deficiency (Schaaf et al., 
2004). YSL3 encodes a protein responsible for remobilizing metals-NA complexes from 
senescing tissues to reproductive organs (Waters et al., 2006;Waters and Grusak, 2008). 
The cell vacuoles are important sites for Zn remobilization during periods of Zn deficiency 
and for Zn storage and detoxification when Zn is present in excess (Sinclair and Kramer, 
2012). A. thaliana has twelve MTP (metal transporter proteins) genes which belong 
to the cation diffusion facilitator family (Montanini et al., 2007). The genes MTP1 
and MTP3 encode vacuolar transmembrane transporters which are involved in Zn 
sequestration under conditions of Zn excess (Kobae et al., 2004;Desbrosses-Fonrouge 
et al., 2005;Arrivault et al., 2006;Gustin et al., 2009). MTP2 is the only member of 
this gene family shown to respond to Zn deficiency in A. thaliana roots, however, 
its exact role under these conditions is not yet known (van de Mortel et al., 2006).
Finally, many of the metal transporters induced by Zn and other micronutrients deficiency 
have a low specificity and are able to transport more than one element (Shanmugam et al., 
2013). As a result plants exposed to Zn deficiency may have high concentrations of other 
micronutrients which demonstrate the cross-talk between Zn and other micronutrients 
homeostasis. The most described phenomena is the increased Fe concentration in plants 
exposed to Zn deficiency due to the high expression levels of the gene IRT3 which encodes a 
Zn and Fe transmembrane transporter (Grotz et al., 1998;Wintz et al., 2003;Lin et al., 2009).
1.3. Zn deficiency tolerance
In nature plants exhibit a high level of plasticity in order to adapt to the differences in 
mineral availability and other growth limiting factors faced during their life cycle (Krämer and 
Clemens, 2005). As a result, nutrient-poor soils may host plant taxa which developed a more 
efficient nutrient acquisition system. These plant genotypes which are able to grow and 
complete their life cycle even when facing nutrient limiting conditions are named tolerant 
or efficient genotypes (Graham et al., 1992). The study of natural variation for Zn deficiency 
tolerance resulted in the identification of genotypes showing differences for Zn deficiency 
tolerance in several crop species, e.g. bean (Hacisalihoglu et al., 2004), maize (Furlani et al., 
2005;Chaab et al., 2011), rice (Wissuwa et al., 2006;Chen et al., 2009;Wu et al., 2010), soybean 
(Moraghan and Grafton, 2003;Fageria et al., 2008), wheat (Genc et al., 2008;Cakmak et al., 
2010;Souza et al., 2014), barley (Sadeghzadeh et al., 2009), brassica (Wu et al., 2007;Broadley 
et al., 2010) and coffee (Tomaz et al., 2011). Natural variation for Zn and other elements 
concentrations have also been extensively studied using different accessions of A. thaliana 
(Vreugdenhil et al., 2004;Buescher et al., 2010;Baxter et al., 2012;Ghandilyan et al., 2012).
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The level of tolerance that a plant has to low levels of Zn and other elements can be 
calculated based on different traits and parameters (Good et al., 2004). Zn Efficiency (ZnE) 
is the most widespread method to measure Zn deficiency tolerance. It is based on the 
comparison of biomass production under Zn deficiency and sufficiency growth conditions 
between different genotypes of the same species (Marschner, 1995;Wu et al., 2007;Genc et 
al., 2008;Ghandilyan et al., 2012;Karim et al., 2012). However, when aiming to identify plant 
varieties which are not only able to grow well under Zn deficiency but also have high levels 
of Zn in its edible parts it is also important to evaluate the plant yield and Zn concentration 
in edible tissues (Cakmak, 2007;White and Broadley, 2011;Olsen and Palmgren, 2014). The 
measurement of Zn usage index (ZnUI) shows the amount of dry biomass produced per mg of 
Zn in the tissue and enables the comparison of plant genotypes which do not show significant 
differences in Zn concentration, but differ in biomass production under Zn deficiency (Siddiqi 
and Glass, 1981;Marschner, 1995;Cakmak et al., 1998;Good et al., 2004;Genc et al., 2006).
Among the proposed mechanisms underlying plants higher tolerance to Zn deficiency is 
the plants ability to enhance the uptake of Zn from the soil solution (Rengel, 2001). This 
can happen via the plants better ability of solubilizing the non-available Zn present in the 
soil, capacity of scavenging larger soil areas and/or via the plants increased potential of 
nutrient transport across the plasma membrane (Rengel, 2001). Other factors which may 
also result in a higher tolerance to Zn deficiency involve the plants efficient utilization and 
compartmentalization of Zn within cells, tissues and organs and their higher resistance to the 
side effects caused by the low Zn stress condition, such as the formation of ROS (Rengel, 2001).
The first step for micronutrients uptake occurs in the root-soil interface and can be 
enhanced by modifications in the root morphology, exudation of compounds which 
increase mineral availability, mycorrhyzae associations and chemical and physical changes 
in the soil. Comparisons between Zn tolerant and sensitive genotypes demonstrated that 
plants with a higher mining capacity, due to an increased root surface area with longer 
and thinner roots (Genc et al., 2006;Chen et al., 2009), or higher capacity of exuding 
mineral solubilizing compounds such as organic acids (oxalate and citrate) (Hoffland et 
al., 2006) show an advantage on Zn absorption capacity (Cakmak et al., 1996;Rengel and 
Hawkesford, 1997). In grasses phytosiderophores (PS), excreted by plants, are responsible 
for chelating micronutrients in roots and there is evidence that its release by roots 
under Zn deficiency correlates with Zn tolerant genotypes (Cakmak et al., 1996;Rengel 
and Römheld, 2000;Neelam et al., 2010). However, other studies point to no correlation 
between PS exudation and Zn tolerant genotypes (Erenoglu et al., 1996;Pedler et al., 
2000). Mycorrhizae associations are also known to play a role on nutrient uptake in 
some leguminous plants (Schultz et al., 2010). However, Kothari et al. (1990) found 
similar results for Zn content when comparing genotypes with contrasting tolerance 
to Zn deficiency grown in soil and hydroponics culture with mycorrhizae associations.
Plants Zn uptake capacity is also dependent on the number of transmembrane transporters 
present at the root, the affinity of these transporters and their turnover rate which may vary 
between genotypes (Rengel, 2001). However, to date natural variation among genotypes for 
these traits have not been investigated. Another important factor to be considered in plants 
exposed to severe Zn deficiency conditions is their capacity of nutrient replenishment at 
the root surface (Rengel, 2001). Under conditions of severe Zn deficiency if the capacity of 
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Zn replenishment at the root surface is lower than the capacity of root cells to uptake Zn 
the processes involved in a higher Zn uptake capacity become of secondary importance.
The tolerance of plants to low levels of Zn depends not only on the plant’s ability to uptake 
Zn, but also in their ability of Zn translocation to edible parts and efficient use to maintain 
growth and yield. Studies comparing rice genotypes demonstrated that Zn deficiency tolerant 
plants had a higher Zn total uptake and root to shoot Zn translocation combined with a higher 
ability of redistributing Zn from older to actively growing tissues (Gao et al., 2005;Impa et al., 
2013a;Impa et al., 2013b). Other studies also showed that Zn deficient tolerant rice genotypes 
had a more efficient root to shoot Zn translocation resulting in a higher concentration of this 
metal in grains, stems and leaves, whereas sensitive genotypes accumulated more Zn in 
roots (Wu et al., 2010). In another study using rice genotypes the authors proposed that the 
high ability of Zn translocation to the shoots combined with the reduced translocation of Fe, 
Mg, P, Mn and Cu may result in a higher tolerance to Zn deficiency (Wissuwa et al., 2006). 
The high concentration of these elements could result in the disruption of enzymes function 
and attenuation of the oxidative stress caused by Zn deficiency (Cakmak, 2000;Wissuwa et 
al., 2006). Sadeghzadeh et al. (2009) found that Zn tolerant barley genotypes accumulated 
more Zn in roots and shoots when grown under adequate or low Zn supply. On the other 
hand, studies with bread wheat and bean genotypes indicated that higher Zn translocation 
does not correlate with Zn tolerance (Kalayci et al., 1999;Hacisalihoglu and Kochian, 2003).
As mentioned previously Zn is involved in many biological processes in the plant, such as 
protein metabolism, gene expression, integrity of bio-membranes, photosynthesis and 
auxin synthesis (Marschner, 1995;Cakmak, 2000;Sinclair and Kramer, 2012). A more efficient 
incorporation and utilization of Zn in all these mechanisms may also be responsible for 
differences on Zn deficiency tolerance between genotypes (Rengel, 2001;Hacisalihoglu and 
Kochian, 2003;Singh et al., 2005). The ability of maintaining the activity of enzymes such as 
SOD and carbonic anhydrase under Zn deficiency was shown to be correlated with a higher 
tolerance to Zn deficiency (Hacisalihoglu et al., 2003;Karim et al., 2012;Li et al., 2013).
In addition, plants ability to cope with low Zn nutritional conditions may also be influenced by 
differences in the minimum Zn concentration needed for optimal growth required by different 
plant genotypes. Conn et al. (2012) demonstrated that among 413 A. thaliana accessions 
there was a variation of 7.2 fold for Zn concentration in leaf tissue. Variation between A. 
thaliana genotypes for Zn and other elements concentrations have been demonstrated 
in several studies (Atwell et al., 2010;Buescher et al., 2010;Baxter et al., 2012;Conn et al., 
2012). The best understanding of the mechanisms involved in Zn deficiency tolerance is of 
paramount importance, its implementation in key staple crops may enable the increase of 
plant’s Zn nutritional level and cropping of Zn deficient lands around the world. This would 
make feasible the use of soils before difficult/inappropriate to agriculture and enhance the 
cropping area available in the world. As most part of these soils are located in poor regions 
of the world the utilization of plant genotypes tolerant to Zn deficiency would also have 
a positive effect on the local economy and food nutritional value when considering the 
fact that these plants have also an improved ability to translocate Zn to their edible parts.
In this thesis we focused on the study of changes induced by Zn deficiency at the 
physiological and transcriptional level in A. thaliana. Commonly known as thale cress, A. 
thaliana was at first established as a model organism mainly because of its short generation 
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time, small size and large seed production via self-pollination (Koornneef and Meinke, 
2010). With the development of molecular and genetic tools A. thaliana enhanced its 
importance as a model organism for genetic and molecular studies because of its small 
genome size, well established transformation protocol and large collection of mutant 
lines available (Somerville and Koornneef, 2002). In addition, due to its wide geographical 
distribution it has been extensively used for the study of natural variation and the genetic 
basis of plant adaptation (Alonso-Blanco and Koornneef, 2000;Koornneef et al., 2004;Atwell 
et al., 2010;Weigel, 2011). The genetic basis of plant nutrition has been widely studied 
using A. thaliana and many genes were found. However, this knowledge is not complete 
and the regulation of Zn and other elements homeostasis still has gaps to be filled.
1.4. Arabidopsis natural variation helps to reveal genes involved on Zn Homeostasis
Studies aiming at the identification of new genes involved in Zn homeostasis rely mainly on 
the natural genetic variation present for Zn concentration and tolerance to Zn deficiency 
and excess within a species. The elements concentration in plants and other organisms is 
named the ionome (Salt, 2004). Elements concentration in leaf, seed, and root were shown 
to be widely variable between natural A. thaliana accessions (Baxter et al., 2012;Conn et al., 
2012). The genetic basis of Zn homeostasis in A. thaliana have been studied enabling the 
identification of several important genes (Clemens et al., 2002;Wintz et al., 2003;Krämer 
and Clemens, 2005;Colangelo and Guerinot, 2006;Talke et al., 2006;van de Mortel et al., 
2006;van de Mortel et al., 2008;Palmer and Guerinot, 2009;Assunção et al., 2010;Richard 
et al., 2011;Waters and Sankaran, 2011). However, the complete genetic network 
controlling Zn homeostasis and underlying the observed natural variation for tolerance 
to Zn deficiency and excess among A. thaliana accessions is not completely known.
The identification of genes responsible for ionomic differences is a challenging and lengthy 
procedure which commonly involves the screening of large populations or laboratory-induced 
mutants. Quantitative trait locus (QTL) and genome wide association (GWAS) mapping are the 
main approaches chosen for population genetics studies. In the QTL mapping, populations of 
recombinant inbred lines (RILs) resulting from a cross a between pairs of accessions contrasting 
for a particular trait, are used to find the locus that controls or influences a phenotype. GWAS 
uses natural variation to identify genes regulating a certain trait of interest. Micronutrient 
concentration is a complex trait controlled by a large number of loci with moderate effect 
which are also highly dependent on the environmental conditions (Alonso-Blanco et al., 
2009;Alonso-Blanco and Mendez-Vigo, 2014). Existing natural variation, trait heritability, 
gene functional analysis, associations among traits and available screening techniques can 
be used to help dissect traits such as Zn deficiency tolerance and reveal its genetic control.
Several studies have used A. thaliana genetic variation for the identification of genes related to 
adaptive traits such as tolerance to abiotic and biotic stresses (Alonso-Blanco and Koornneef, 
2000;Alonso-Blanco and Mendez-Vigo, 2014). QTLs controlling seed and leaf Zn and other 
elements concentration were identified using A. thaliana RIL populations and natural 
accessions (Vreugdenhil et al., 2004;Baxter et al., 2008a;Ghandilyan et al., 2009;Buescher 
et al., 2010;Baxter et al., 2012;Ghandilyan et al., 2012). Ghandilyan et al. (2009) (2012) 
demonstrated that different loci control Zn concentration under Zn sufficiency and deficiency 
conditions using an A. thaliana RIL population grown under Zn deficiency conditions. More 
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recently population genetics studies turned to the use of large collections of natural A. 
thaliana accessions to investigate the genetic basis of several biological traits, including 
elements accumulation using GWAS (Atwell et al., 2010;Baxter et al., 2010;Chao et al., 2012).
However, the large size of candidate genomic regions identified through QTL studies 
is a bottleneck in the processes of identifying the causal gene(s) (Korte and Farlow, 
2013). Furthermore, although GWAS enables a higher resolution of candidate genomic 
regions, studies investigating plants grown under Zn sufficiency conditions did not 
find significant associations for the trait Zn concentration (Atwell et al., 2010). This 
may reflect the tight control of the genetic regulatory network of Zn homeostasis. 
The recent advances in sequencing technologies towards more affordable prices and 
improved whole genome sequencing strategies combined with mapping tools are a 
promising strategy to the unravel the genetic mechanisms controlling Zn homeostasis 
not only in A. thaliana but also in other several plant species (Mutz et al., 2013).
The detailed understanding of the genetic control of Zn homeostasis is an important 
step in the process of crops biofortication for higher Zn concentration in their edible 
parts in order to achieve a positive effect on human nutrition (Pfeiffer and McClafferty, 
2007;Waters and Sankaran, 2011). Several strategies can be applied to increase Zn and 
other micronutrients concentration in human diet, such as (1) soil Zn fertilization; (2) 
food supplementation; (3) breeding for plant genotypes with a higher nutritional value; 
and (4) genetic engineering of plants with genes controlling mineral homeostasis and 
availability (Welch and Graham, 2004;Cakmak, 2007). In this context the study of natural 
variation is important to pave the way for the identification of Zn deficiency tolerant 
genotypes and help with the understanding of the genetic control of Zn homeostasis.
1.5. Outline of the thesis
In this thesis we investigated natural variation for Zn deficiency tolerance among different 
accessions of A. thaliana in order to identify possible mechanisms involved in a higher 
tolerance to Zn deficiency and the underlying responsible genes. To understand the 
mechanisms in plants responsible for tolerance to suboptimal Zn supply in chapters 2 
and 3 we analyzed natural variation for Zn deficiency tolerance among twenty diverse A. 
thaliana accessions grown under two levels of Zn deficiency (severe and mild). In chapter 
2 we focused on differences between the accessions considering changes in the ionome, 
growth traits and expression level of key Zn deficiency genes in the shoot tissue. In chapter 
3 we used a similar approach to compare the changes induced by Zn deficiency in the root 
system architecture, growth and ionome in the twenty A. thaliana accessions. Based on 
the results obtained in chapter 2 we selected three A. thaliana accessions (Col-0, Tsu-0 
and Pa-2) with contrasting tolerance to Zn deficiency in shoots to be studied at the whole 
genome transcriptional level. In chapter 4 we describe the genes which show a similar 
response to Zn deficiency in the three A. thaliana accessions studied named here as general 
Zn deficiency responsive genes. We also analyzed the changes in gene expression in shoot 
and root tissue and after short and long term exposure to Zn deficiency. In chapter 5 we 
described the genes responsible for the accessions’ specific response to Zn deficiency 
in both root and shoot tissue and after short and long term exposure to Zn deficiency. 
The main results obtained in this thesis and their relevance for the current studies on 
Zn homeostasis and the future perspectives for research are discussed in chapter 6.
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2. Natural variation for Zn deficiency tolerance in Arabidopsis thaliana 
reveals changes in the shoot ionome and Zn homeostasis gene expression 
as biomarkers for plant Zn nutritional status.
Ana Carolina A. L. Campos, Willem Kruijer, Ross Alexander, John Danku, David E. Salt, Mark 
G. M. Aarts
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Abstract
Zinc (Zn) is a crucial co-factor for many enzymes and therefore an essential nutrient for 
plants. Approximately one third of the global arable land suffers from low Zn bioavailability 
which leads to reduced crop yield and quality. To understand the mechanisms in plants 
responsible for tolerance to suboptimal Zn supply we evaluated the response of twenty 
diverse Arabidopsis thaliana accessions to low Zn supply at the physiological and molecular 
level. Plants were grown hydroponically under Zn sufficiency and two Zn deficient 
conditions. Large natural variation was observed among these accessions for all traits 
analysed, including visible Zn deficiency symptoms (leaf chlorosis, necrotic spots), biomass, 
Zn content, Zn usage index (ZnUI) and the concentration of Zn and other elements. The 
observed variation in Zn concentration means that differences in Zn requirements may 
contribute to a higher or lower tolerance to Zn deficiency. The visible phenotypic differences 
between accessions under severe and mild Zn deficiency are related to the increased 
concentration of Fe and Mn in shoots of plants under severe Zn deficiency. In order 
to gain a better insight into the Zn deficiency physiological status, a multinomial logistic 
regression model was used to distinguish plants grown under Zn sufficiency, severe and 
mild Zn deficient conditions based on differences in the shoot ionome. We demonstrated 
that differences in the shoot ionome can be used as biomarkers for plant Zn status. In 
addition to the physiological traits, the expression of six genes involved in the Zn deficiency 
response in A. thaliana was measured in eight accessions with contrasting ZnUI values. A 
positive correlation between gene expression, ZnUI and shoot biomass was found, providing 
new insights into the mechanisms regulating Zn deficiency tolerance in A. thaliana plants.
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1. Introduction
Zinc (Zn) is an essential micronutrient required for plant growth and development. Many 
agricultural soils in the Middle East, India, and parts of Australia, America and Central Asia 
confer Zn deficiency to plants, often due to poor Zn availability caused by the high pH in 
calcareous soils. Zn deficient soils affect crop yield and quality and results in human malnutrition 
through the intake food containing low concentrations of Zn and other micronutrients 
(Cakmak, 2007;Alloway, 2009). Zn deficiency in humans causes short stature, impaired 
brain development and immune function which make them more susceptible to respiratory 
infections, malaria and diarrhoea (W.H.O. and F.A.O., 2006). The World Health Organization 
(WHO) and the Food and Agriculture Organization (FAO) of the United Nations estimate that 
about one third of the world’s population suffers from mild or severe Zn deficiency. Since plants 
are often the main source of dietary Zn, improving their Zn concentration and Zn deficiency 
tolerance is an important goal in fighting this ‘hidden hunger’ (www.harvestplus.org).
Zn has distinctive chemical properties, being a strong electron pair acceptor with 
flexible coordination geometry and the ability to swiftly exchange ligands (Sinclair and 
Kramer, 2012). It acts as a co-factor for many different enzyme types and through Zn-
finger proteins it is involved in the regulation of gene expression (Clemens, 2010). 
Overall, Zn plays an important role in several biological processes (Grotz and Guerinot, 
2006), which explains why lack of Zn hampers plant growth and development. 
Moderately Zn deficient plants show chlorosis in young leaves and early senescence 
of older leaves, accompanied by reduced plant growth. Severe Zn deficiency results 
in extensive leaf chlorosis, wilting, stunting, leaf curling and reduced root elongation 
(Marschner, 1995). In the model plant species Arabidopsis thaliana all of these symptoms, 
as well as delayed flowering, are observed when grown under Zn deficiency (Talukdar 
and Aarts, 2007). Since Zn deficiency also affects the function of enzymes such as 
copper/zinc superoxide dismutase (Cu/Zn SOD) and carbonic anhydrase (CA), it leads to 
the accumulation of reactive oxygen species (ROS) which causes oxidative damage and 
reduction in photosynthesis (Clemens, 2010;Ibarra-Laclette et al., 2013). The optimal Zn 
concentration plants need is around 15-20 µg per g dry biomass (Marschner, 1995). This 
varies from species to species and between plants of the same species (White and Broadley, 
2011), which suggests there is inter- and intra-species variation for the ability to tolerate 
low soil Zn availability and still be able to grow and reproduce (Marschner, 1995). Natural 
variation for Zn deficiency tolerance between different genotypes has been described 
for several plant species (Graham et al., 1992;Rengel and Graham, 1996;Cakmak et al., 
1998;Hacisalihoglu et al., 2004;Genc et al., 2006;Ghandilyan et al., 2012;Karim et al., 2012).
The ability of a plant to grow and yield under Zn limiting conditions in comparison to ideal growth 
conditions is defined as Zn Efficiency (ZnE) (Marschner, 1995). It is quantified by calculating 
the difference in relative growth or yield between plants grown under normal and Zn deficient 
conditions (Marschner, 1995). Another parameter used to evaluate Zn deficiency tolerance 
is the Zn Usage Index (ZnUI), which quantifies the amount of dry matter produced per mg of 
Zn in the tissue. It allows the comparison of plant genotypes which do not show significant 
differences in Zn concentration, but differ in biomass production under Zn deficiency (Siddiqi 
and Glass, 1981;Marschner, 1995;Cakmak et al., 1998;Good et al., 2004;Genc et al., 2006). 
18
To control Zn homeostasis and avoid possible problems associated with inappropriate 
Zn supply plants have developed an efficient system to control Zn uptake from the soil, 
distribution over different organs, tissues or cellular organelles and (re)mobilization 
through the plant (Marschner, 1995;van de Mortel et al., 2006;Sinclair and Kramer, 
2012). While the actual Zn deficiency sensor is not yet known, the Zn deficiency 
response in A. thaliana is hypothesized to start with the activation of the transcription 
factors bZIP19 and bZIP23, the function of which is essential for the plant to survive 
Zn deficiency (Assunção et al., 2010;Assunção et al., 2013). Under Zn deficiency the 
concentrations of other elements in the plant are also altered, probably as a result of 
the strong up-regulation of Zn transport proteins such as IRT3, ZIP3 and ZIP4 which can 
also transport Fe, Mn and Cu, (Grotz et al., 1998;Wintz et al., 2003;Lin et al., 2009). 
Zn is among the essential elements which compose the plant ionome together with 
non-essential elements, such as Cd (Salt et al., 2008). The ionome profile reflects the 
physiological state of a plant under various genetic, developmental, and environmental 
backgrounds (Salt et al., 2008) and can be used as a biomarker for a particular physiological 
condition. Biomarker based models are used to determine differences in the nutritional 
status among large sets of different plant genotypes and experimental batches (Baxter 
et al., 2008a). Natural variation for the ionome profile has been studied in A. thaliana 
accessions, unravelling important mechanisms in plant ion homeostasis (Rus et al., 
2005;Loudet et al., 2007;Baxter et al., 2008a;Kobayashi et al., 2008;Morrissey et al., 
2009;Baxter et al., 2010;Chao et al., 2012;Pineau et al., 2012;Koprivova et al., 2013). 
A detailed study on the response of plants to Zn deficiency has not yet been performed, 
while it will be of paramount importance to understand the relevant physiological and 
molecular mechanisms involved in order to improve the performance of crops grown 
under suboptimal Zn conditions and increase the Zn content in their edible parts. In 
this study we describe the analysis of natural genetic variation for physiological and 
molecular traits involved in Zn deficiency tolerance among twenty diverse A. thaliana 
accessions. The shoot ionome profiles of these accessions revealed that while Zn 
concentrations were not very different, the concentrations of other elements varied 
between the studied Zn deficiency levels. This was used to develop a logistic regression 
model capable of differentiating plants that have been exposed to different Zn supply 
conditions. We also demonstrated that changes in the plant Zn nutritional status can 
be identified based on changes in the shoot gene expression level of Zn homeostasis 
genes. Hence, our study opens up the possibility of simplifying the high-throughput 
screening of genetic variation for Zn deficiency tolerance, by focusing on few biomarkers.
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2. Material and methods
2.1. Plant material and hydroponic growth
A set of twenty A. thaliana accessions was selected based on their diverse site of origin 
(Table S1). Seeds were surface-sterilized with chlorine vapour-phase seed sterilization and 
sown in petri dishes on wet filter paper followed by a 4-day stratification treatment at 4 
°C in the dark, to promote uniform germination. Seeds were transplanted to 0.5% (w/v) 
agar-filled tubes of which the bottom was cut off, and placed in a modified half-strength 
Hoagland nutrient solution for hydroponic growth (Assunção et al., 2003): 3 mM KNO
3
, 2 
mM Ca(NO
3
)
2
, 1 mM NH
4
H
2
PO
4
, 0.5 mM MgSO
4
, 1 µM KCl, 25 µM H
3
BO
3
, 2 µM MnSO
4
, 
0.1 µM CuSO
4
, 0.1 µM (NH
4
)
6
Mo
7
O
24
, 20 µM Fe(Na)EDTA. The pH was set at 5.5 using KOH 
and buffered with 2 mM MES (2- (N-morpholino) ethanesulfonic acid). Plants were grown 
hydroponically in two experiments performed separately. In experiment one, named 
here as the mild Zn deficiency experiment, we compared plants grown for 41 days under 
sufficient Zn supply (2 µM ZnSO
4
) and mild Zn deficiency (0.05 µM ZnSO
4
). In experiment 
two, named here as the severe Zn deficiency experiment, we compared plants grown for 31 
days under sufficient Zn supply (2 µM ZnSO
4
) and severe Zn deficiency (no Zn added to the 
nutrient solution). Plants were grown in a climate-controlled chamber set at 70 % relative 
humidity, with 12 h day (120 µmol photons m-2.s-1), 12 h night and 20 °C/15 °C day/night 
temperatures. The hydroponic system consisted of plastic trays (46 x 31 x 8 cm) holding 
9 L nutrient solution, covered with a non-translucent 5-mm-thick plastic lid with evenly 
spaced holes in a 7 x 10 format holding the agar-filled tubes with plantlets. The nutrient 
solution was refreshed once a week. Shoot fresh weight was measured in all samples upon 
harvesting. Some samples were immediately frozen in liquid nitrogen and stored at -80oC for 
gene expression and elements concentration analysis. The remaining samples were dried 
for 72 h at 60 °C and used to obtain the shoot dry weight. For these samples we calculated 
the shoot dry weight (SDW)/shoot fresh weight (SFW) ratio and obtained a correction 
factor used to estimate the dry weight of the shoot samples used for gene expression 
and elements concentration analysis. In order to evaluate the effect of the Zn deficiency 
treatment on the different A. thaliana accessions studied we calculated the relative change 
in SDW, Zn concentration and Zn content and the Zn Usage Index (ZnUI) (Siddiqi and 
Glass, 1981;Good et al., 2004). The ZnUI was calculated based on the following formula:
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Tissue elemental analysis 
 
The shoot ionome profile was determined for a sample of two leaves harvested from five 
replications of each A. thaliana accession per treatment. Samples were first dried for 72 h at 
60 oC, transferred to 96-well plates with tubes containing one 5-mm glass bead and 
homogenized utilizing a 96-well plate mixer mill from Qiagen® for 5 minutes at 30 Hz. A 
small amount of plant material (2 - 4 mg) was transferred to Pyrex test tubes (16 x 100 mm) 
and digested with 0.9 ml of concentrated nitric acid (Baker Instra-Analyzed; Avantor 
Performance Materials; http://www.avantormaterials.com) for 5 hours at 115 oC. Samples 
were diluted to 10 ml with 18.2 MΩcm Milli-Q water. Elemental analysis were performed 
with an inductively coupled plasma mass spectrometry ICP-MS (Elan DRC II; PerkinElmer, 
http://www.perkinelmer.com) for Li, B, Na, Mg, P, S, K, Ca, Mn, Fe, Co, Ni, Cu, Zn, As, Se, 
Rb, Sr, Mo and Cd. A reference composed of pooled samples of digested shoot material was 
prepared and included every 9th sample in all sample sets of 70 samples to correct for 
variation between and within ICP-MS analysis runs. Seven samples from each sample set 
were weighed and used during the iterative weight normalization process to estimate the 
weight of the remaining 63 samples from the set (Danku et al., 2013). The following elements 
were not added to the nutrient solution: Cd, Sr, Li, Co, Ni, As, Se and Rb; and, except for Cd, 
their concentrations is not shown. 
 
Gene expression 
 
Gene expression analysis was performed for eight accessions with different ZnUI values 
selected from the tested set of twenty accessions grown under mild Zn deficiency conditions. 
Frozen shoot material from plants grown under mild and severe Zn deficiency and their 
respective control (Zn sufficiency) treatments was used, in three biological replicates, each 
consisting of material from three plants. Total RNA was extracted using the method of Onate-
Sanchez and Vicente-Carbajosa (2008). cDNA was synthesized from 1 µg of total RNA using 
2.2. Tissue elemental analysis
The shoot ionome profile was determined for a sample of two leaves harvested from five 
replications of each A. thaliana accession per treatment. Samples were first dried for 72 h at 60 
oC, transferred to 96-well plates with tubes containing one 5 mm glass bead and homogenized 
utilizing a 96-well plate mixer mill from Qiagen® for 5 minut s at 30 Hz. A small amount of 
plant material (2 - 4 mg) was transferred to Pyrex test tubes (16 x 100 mm) and digested with 
0.9 ml of concentrated nitric acid (Baker Instra-Analyzed; Avantor Performance Materials; 
http://www.avantormaterials.com) for 5 hours at 115 oC. Samples were diluted to 10 ml with 
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18.2 MΩcm Milli-Q water. Elemental analysis were performed with an inductively coupled 
plasma mass spectrometry ICP-MS (Elan DRC II; PerkinElmer, http://www.perkinelmer.com) 
for Li, B, Na, Mg, P, S, K, Ca, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Rb, Sr, Mo and Cd. A reference 
composed of pooled samples of digested shoot material was prepared and included every 
9th sample in all sample sets of 70 samples to correct for variation between and within ICP-
MS analysis runs. Seven samples from each sample set were weighed and used during the 
iterative weight normalization process to estimate the weight of the remaining 63 samples 
from the set (Danku et al., 2013). The following elements were not added to the nutrient 
solution: Cd, Sr, Li, Co, Ni, As, Se and Rb; and, except for Cd, their concentrations are not shown.
2.3. Gene expression
Gene expression analysis was performed for eight accessions with different ZnUI values 
selected from the tested set of twenty accessions grown under mild Zn deficiency conditions. 
Frozen shoot material from plants grown under mild and severe Zn deficiency and their 
respective control (Zn sufficiency) treatments was used, in three biological replicates, each 
consisting of material from three plants. Total RNA was extracted using the method of Onate-
Sanchez and Vicente-Carbajosa (2008). cDNA was synthesized from 1 µg of total RNA using 
the iScript cDNA synthesis kit from BioRad® as per the manufacturer’s instructions. Following 
synthesis, cDNA was diluted 10-fold. qRT-PCRs were performed in triplicate with iQ SYBR 
Green Supermix (BioRad®) in an iQ Real Time PCR machine (BioRad®). Relative transcript 
levels of selected genes were determined by qRT-PCR. The expression of the genes IRT3 
(At1g60960), ZIP3 (At2g32270), ZIP4 (At1g10970), bZIP19 (At4g35040), CSD2 (At2g28190), 
and CA2 (At5g14740) were measured. The oligonucleotides used for each gene are shown 
in table S2. Amplicon lengths were between 80 and 120 bp and all primers combinations 
had at least 95% efficiency. Reaction volumes were 10 µL (5 µL SYBR green qPCR mix, 300 
nmol of each primer and 4 µL of cDNA template). Cycling parameters were 4 minutes at 
95 ˚C, then 40 cycles of 15 seconds at 95 ˚C and 30 seconds at 55 ˚C. Gene expression 
values were normalized to the house-keeping gene PEX4 (At5g25760) and gene expression 
values were calculated relative to the accession Col-0 under control conditions of the severe 
and mild Zn deficiency experiments, using the 2 –ΔΔCT method (Livak and Schmittgen, 2001).
2.4. Statistical analysis
For all shoot traits and gene expression ΔCT values we performed a two-way ANOVA 
analysis to test for significant differences between treatments, accessions and the 
interaction between treatments and accessions. To test for significant differences between 
accessions for relative change in SDW, Zn concentration and Zn content in response to 
the Zn deficiency treatment we performed a one-way ANOVA. We also performed a 
one-way ANOVA to test for significant differences between the four treatments applied 
in this study for each element concentration. For element concentrations, the values 
were log10-transformed and we performed a Benjamini-Hochberg multiple comparisons 
correction of the p-values. If significant differences were observed we performed a 
Tukey’s HSD post-hoc test with a cut-off level of significance lower or equal to 0.05.
In order to check for correlations between the studied traits we calculated Pearson correlation 
coefficients based on accessions averages. The analyses were performed for the four 
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treatments separately. A two-tailed test of significance was performed and a p-value of 0.05 
was used as cut-off. Broad-sense heritability was calculated as the ratio between estimated 
genetic variance and total phenotypic variance (= genetic variance + environmental variance).
2.5. Multivariate analysis and classification
In order to predict the plant response to different levels of Zn nutrition from its ionomic 
profile, we used a logistic regression model similar to the one used by Baxter et al. (2008b) 
with some amendments. For the analysis we first normalized all element concentrations by 
subtracting the means of the Zn sufficiency group. After doing this for both experiments, 
both Zn sufficiency groups have zero mean and unit variance and the element concentrations 
in the plants at severe or mild stress are relative to the Zn sufficiency treatment in the same 
experiment. The prediction performance was assessed by drawing 100 times a training set 
of 199 plants from the total of 398 plants, while the remaining 199 plants were used as a 
validation set at each time. Each training set was drawn in a stratified manner, respecting the 
number of plants in the Zn sufficiency (2x100), mild (99) and severe Zn deficiency treatment 
(99) categories. A penalized logistic regression model was fit for each training set using the 
R-package “glmnet” (Friedman et al., 2010), and used to predict the status of the 199 plants 
in the validation set. The glmnet implementation of MLR model is such that each of the three 
groups has its own vector of regression coefficients, which are automatically constrained 
to give three probabilities summing to one. Prediction performance was estimated 
by averaging the proportion of correctly classified plants over the 100 validation sets.
3. Results
3.1. Natural variation in Zn deficiency response for physiological and morphological traits
A set of twenty A. thaliana diverse accessions (Table S1) was grown hydroponically with 
sufficient Zn supply (2 μM ZnSO
4
; control) and mild (0.05 μM ZnSO
4
) or severe Zn deficiency 
(no Zn added to the medium). After 31 days of exposure to severe Zn deficiency, plants 
showed clear deficiency symptoms, primarily visible by reduced growth compared to plants 
in the Zn sufficiency treatment, curling of the leaves and the presence of chlorotic and 
necrotic spots on the leaves (Figure 1 A and B). After 31 days of exposure to mild Zn deficiency, 
the accessions did not show any sign of Zn deficiency, which is why they were grown for an 
additional 10 days. Even then, only few accessions showed visual Zn deficiency symptoms, 
mainly slight chlorosis in leaves and reduction in growth (Figure 1 C and D), confirming that 
the treatment was indeed mild. Due to the death of most replications of the accession 
Cvi-0 under severe Zn deficiency, this accession was excluded from our further analysis.
Harvested rosettes were weighed to determine SFW and subsequently used to determine 
the shoot ionome profile of these accessions for the different Zn treatments. SDW was 
estimated based on the SDW/SFW ratio obtained from additional plants grown under the 
same experimental conditions. SDW and Zn concentration varied significantly between the 
accessions and in response to the different Zn deficiency treatments (Figure 2 A and B; 
Table S5). In both Zn deficiency treatments most of the accessions showed reduced SDW 
when compared to Zn sufficiency conditions, as would be expected, while few had a higher 
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Figure 1: Representative example of plants grown in hydroponic medium with sufficient Zn 
supply (2 µM ZnSO4) (A and C) or with insufficient Zn supply, either grown for 31 days in 
medium to which no Zn was added (0 µM ZnSO4; severe Zn deficiency treatment) (B); or 
grown for 41 days in medium to which 0.05 µM ZnSO4 was added (mild Zn deficiency) (D). 
Plants exposed to severe Zn deficiency show chlorosis, necrotic spots, stunted growth and 
curly leaves, while only some plants exposed to mild Zn deficiency show a slight chlorosis of 
the leaves. Accessions from left to right in rows from top to bottom: C24, Per-1, Tsu-0, Mc-0, 
Hau-0, Mt-0, Shah, Kas-2, Bor-4, Wag-3, Ors-1, Pa-2, Li-5:2, Ge-0, Can-0, Var 2-1, Ler-1, 
Cvi-0, Bur-0 and Col-0. Bars indicate 2 cm. 
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shoot ionome profile of these accessions for the different Zn treatments. SDW was estimated 
based on the SDW/SFW ratio obtained from additional plants grown under the same 
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Figure 1: Representative example of plants grown in hydroponic mediu  ith sufficient 
Zn supply (2 µM ZnSO4) (A and C) or with insufficient Zn supply, either grown for 31 days 
in medium to which no Zn was added (severe Zn deficiency treatment) (B); or grown for 
41 days in medium to which 0.05 µM ZnSO4 was added (mild Zn deficiency) (D). Plants 
exposed to severe Zn defic ency show chlorosis, necrotic spots, stunted growth and urly 
leaves, while only some plants exposed to mild Zn deficiency show a slight chlorosis of the 
leaves. Accessions from left to right in rows from top to bottom: C24, Per-1, Tsu-0, Mc-0, 
Hau-0, Mt-0, Shah, Kas-2, Bor-4, Wag-3, Ors-1, Pa-2, Li-5:2, Ge-0, Can-0, Var 2-1, Ler-1, Cvi-
0, Bur-0 and Col-0. Bars indicate 2 cm.
SDW and apparently were not affected by the reduced Zn supply (Figure 3 A and B). The 
effect of the treatment was accession dependent for both SDW and Zn concentration 
under severe Zn deficiency and shoot Zn concentration under mild Zn deficiency (Table S5), 
indicating that A. thaliana accessions respond differently to the Zn deficiency treatments. 
Plants of the mild Zn deficiency experiment had a higher SDW than the plants of the 
severe Zn deficiency experiment, as they grew 10 days longer (Figure 2 A and B, Table S5).
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Figure 2: Shoot dry weight and Zn concentration measured in nineteen A. thaliana 
accessions grown hydroponically under Zn deficiency (represented in by grey filled circles) 
and Zn sufficiency or control (represented by black filled circles) conditions in the severe (A) 
and mild (B) Zn deficiency experiments. Average values and standard deviation are presented 
in Table S3. Significant differences between accessions and treatments are presented in Table 
S5. 
 
All accessions had a significant reduction in shoot Zn concentration, both in the severe and 
mild Zn deficiency treatment, in comparison to their respective Zn sufficiency controls (Table 
S5). Plants in the severe Zn deficiency treatment showed shoot Zn concentrations close to the 
minimum required by plants to grow, which is around 15-20 µg/g dry biomass (Marschner, 
1995) (Table S3). Plants exposed to mild Zn deficiency had shoot Zn concentrations 
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Figure 2: Shoot dry weight and Zn concentratio  measured in ninetee  A. thaliana 
accessions grown hydroponically under Zn deficiency (represented in by grey filled circles) 
and Zn sufficiency or control (represented by black filled circles) conditions in the severe (A) 
and mild (B) Zn deficiency experiments. Average values and standard errors are presented 
in Table S3. Significant differences between accessions and treatments are presented in 
Table S5.
All accessions had a significant reduction in shoot Zn concentration, both in the severe 
and mild Zn deficiency treatment, in comparison to their respective Zn sufficiency controls 
(Table S5). Plants in the severe Zn deficiency treatment showed shoot Zn concentrations 
close to the minimum required by plants to grow, which is around 15-20 µg/g dry 
biomass (Marschner, 1995) (Table S3). Pla ts expos d to mild Zn deficiency had hoot Zn 
concentrations approximately two times higher than those of plants exposed to severe Zn 
deficiency (Table S3). Shoot total Zn content was calculated based on the SDW and the 
Zn concentration. Accessions with a high shoot Zn concentration were not always among 
the accessions with a high shoot total Zn content, due to differences in SDW. Under mild 
Zn deficiency the accessions Tsu-0, Col-0 and Mt-0 showed the best overall performances 
in terms of having similar Zn concentrations to the other accessions and higher SDW 
across the Zn deficiency and sufficiency treatments used in this study. On the other 
hand, Pa-2, C24 and Li-5:2 had a poor performance under mild Zn deficiency (Figure 2).
Next to the absolute values, we also calculated the relative change in SDW and Zn 
concentration, by comparing plants exposed to severe and mild Zn deficiency to their 
respective Zn sufficiency treatments (Figure 3). Accessions showed significant variation for 
SDW and Zn concentration reduction in both Zn deficiency experiments (Table S4 and S7). 
The accessions Bor-4 and Hau-0 had an increase in SDW under severe Zn deficiency relative 
to the Zn sufficiency treatment (Figure 3 A). Bor-4 also showed an increase in SDW under 
mild Zn deficiency, as did Shah. In their respective Zn sufficiency treatments these three 
accessions were among the ones showing the lowest SDW. Pa-2, C24 and Li-5:2 showed the 
strongest relative change in SDW (Figure 3 B). This makes especially C24 one of the poorest 
accessions, being also one of the smallest accessions in the Zn sufficiency treatments. Pa-2 
showed the least change in shoot Zn concentration under both mild and severe Zn deficiency 
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Figure 3: Change in shoot dry weight (A and B); shoot Zn concentration (C and D); and 
shoot Zn total content (E and F) of the nineteen A. thaliana accessions grown under severe 
and mild Zn deficiency, relative to their respective Zn sufficiency treatments. Significant 
differences between accessions and treatments are presented in Tables S4 and S7. 
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Figure 3: Change in shoot dry weight (A and B); shoot Zn concentration (C and D); and 
shoot Zn total content (E and F) of the nineteen A. thaliana accessions grown under severe 
and mild Zn deficie cy, relative to their resp ctive Zn sufficiency treatments. Sig ificant 
differences between accessions and treatments are presented in Table S4 and S7.
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treatments relative to its respective Zn sufficiency treatments. This accession appears 
to have a poor ability to take up Zn both under Zn sufficiency and deficiency conditions 
which probably results in a limited capacity to grow in order to maintain its cellular Zn 
levels (Figure 3 C and D). On the other hand accessions like Tsu-0 and Mt-0 are able to 
maintain growth under Zn deficiency although their shoot Zn concentration is reduced.
Based on the SDW and Zn concentration measurements we calculated the ZnUI, which 
reflects the amount of biomass produced per unit of tissue Zn concentration (Siddiqi 
and Glass, 1981;Good et al., 2004). The accessions Mt-0 and Tsu-0 showed the highest 
ZnUI in both Zn deficiency treatments, while C24 and Pa-2 had the lowest values (Figure 
4A). We also observed variation in ZnUI between accessions grown under Zn sufficiency 
conditions (Figure 4B), but the range of ZnUI values in the Zn deficiency treatments 
was larger than in the Zn sufficiency treatments (Figure 4 and Table S3 and S6).
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Figure 4: Shoot Zn Usage Index (ZnUI) of plants grown hydroponically in the severe and 
mild Zn deficiency treatments (A) and their respective Zn sufficiency or control treatments 
(B). Significant differences between accessions and treatments are presented in Table S3 and 
S6. 
 
Accessions with contrasting phenotypes show differential Zn deficiency responsive gene 
expression 
 
From the twenty A. thaliana accessions we selected eight accessions with different ZnUI 
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Figure 4: Shoot Zn Usage Index (ZnUI) of plants grown hydroponically in the severe and 
mild Zn deficiency treatments (A) and their respective Zn sufficiency or control treatments 
(B). Significant differences between accessions and treatments are presented in Table S3 
and S6.
3.2. Accessions with contrasting phenotypes show differential Zn deficiency responsive 
gene expression
From the twenty A. thaliana accessions we selected eight accessions with different 
ZnUI values in the mild Zn deficiency treatment to examine if natural variation for 
Zn deficiency tolerance is refle ted i  gene expression lev ls. We favoured mild over 
severe Zn deficiency as the variation for SDW was larger under mild than under severe 
Zn deficiency. In addition, mild Zn deficiencies will be more commonly found in nature 
than severe Zn deficiency. Can-0, Per-1, Pa-2, and C24 had low ZnUI values and were 
consid red m re sensitive to Zn deficiency, while Tsu-0, Col-0, Ge-0, and Bur-0 had high 
ZnUI values and were considered more tolerant to Zn deficiency (Table S3). Although not 
selected for it, these accessions, except Can-0, were also among the ones showing the 
lowest and highest ZnUI values in the severe Zn deficiency treatment (Figure 4, Table S3).
We det rmined the shoot expr ssio  of six genes involved in plant Zn deficiency and 
oxidative stress response. bZIP19, encodes one of the two redundant bZIP transcription 
factors which control Zn deficiency response in A. thaliana (Assunção et al., 2010). IRT3, ZIP4 
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Figure 5: Relative transcript abundance of bZIP19, ZIP3, ZIP4, IRT3, CSD2, and CA2 in 
eight A. thaliana accessions (Col-0, Tsu-0, Ge-0, Bur-0, Can-0, Per-1, Pa-2 and C24) grown 
under mild Zn deficiency (A, C, E, G, I and K) and severe Zn deficiency (B, D, F, H, J and L) 
and their respective Zn sufficiency or control treatments. Accessions are ranked from left 
to right according to decreasing ZnUI values as determined under mild Zn deficiency. The 
gene expression values are expressed relative to the gene expression values of Col-0 in 
each respective control treatment (severe and mild). Lower case letters denote statistically 
different groups when comparing the eight accessions using a two-way ANOVA with 
groupings by Tukey’s honestly significant difference (HSD) test using a 95% confidence 
interval, P values are shown in Table S5. Note that transcript abundance scales are 
different for the different genes. For ZIP3, ZIP4 and IRT3, log10-scales are used.
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and ZIP3 appear to be direct targets of bZIP19, all three encoding Zn transport proteins, and 
all transcriptionally induced upon Zn deficiency (Grotz et al., 1998;Lin et al., 2009;Assunção 
et al., 2010). CSD2 encodes a Cu/Zn superoxide dismutase which needs Zn as a structural 
component to function (Sharma et al., 2004) and CA2 encodes a carbonic anhydrase, which 
requires Zn as co-factor. CSD2 is needed for detoxification of superoxide radicals, while CA2 
facilitates the diffusion of CO
2
 through the liquid phase of the cell to the chloroplast, important 
for photosynthesis (Randall and Bouma, 1973;Li et al., 2013). Both CSD2 and CA2 are 
expected to decrease in expression upon Zn deficiency exposure (Ibarra-Laclette et al., 2013).
In the mild and severe Zn deficiency experiments there was a significant effect of treatment 
on the gene expression level for all the studied genes, except bZIP19 in the severe Zn 
deficiency treatment (Table S5). Only in the severe Zn deficiency treatment there was a 
significant difference in gene expression between accessions (Figure 5). Furthermore, the 
gene expression levels in response to the treatment were accession dependent (except 
for bZIP19) indicating that there is natural variation between A. thaliana accessions in 
their response to severe Zn deficiency stress at the gene expression level. Differences in 
gene expression between accessions under mild Zn deficiency stress were not significant.
The Zn deficiency responsive genes IRT3, ZIP4 and ZIP3 were strongly up-regulated in all 
accessions upon Zn deficiency in both treatments, confirming that plants sensed Zn deficiency 
in both the severe and the mild Zn deficiency treatments. The Zn deficiency tolerant accession, 
Tsu-0 had the strongest induction of these genes, while Per-1, which had a low ZnUI value, 
had the weakest induction of these genes under Zn deficiency (Figure 5). The expression of 
CSD2 was generally low under Zn deficiency, most in the mild deficiency treatment, which 
lasted longer (Figure 5 J). Expression of CA2 was also mainly down-regulated under mild 
Zn deficiency, while under severe Zn deficiency there were larger differences between the 
accessions, with strong up-regulation in the Zn deficiency tolerant accession Tsu-0 (Figure 5 L).
To further understand the relation between gene expression and Zn deficiency tolerance 
traits, we performed a correlation analysis (Figure 6). We found a negative correlation 
between shoot Zn concentration and the gene expression levels of ZIP3, and ZIP4 under 
mild Zn deficiency. However, we found a positive correlation between the expression levels 
of these genes and ZnUI and SDW. In addition, we found no correlation between Zn content 
and the expression levels of these genes. This suggests that these genes are not involved 
in the efficient uptake of Zn but in the efficient translocation and distribution of Zn under 
mild Zn deficiency conditions. In the severe Zn deficiency condition we found a positive 
correlation between ZIP4 and IRT3 expression levels with ZnUI. However, we found no 
correlation between expression levels of these genes and Zn concentration or SDW. This may 
indicate that under severe Zn deficiency these genes are able to increase the translocation 
and efficiency of Zn distribution, but this is not enough to significantly increase SDW 
because the amount of Zn available is already too low. Furthermore expression of bZIP19 
was highly correlated with expression of its target genes ZIP3, IRT3 and ZIP4 under mild Zn 
deficiency, and with expression of ZIP4 and IRT3, as well as CA2, under severe Zn deficiency.
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Figure 6: Pearson correlation coefficients between absolute gene expression levels and 
Zn deficiency related traits measured in eight A. thaliana accessions (Tsu-0, Col-0, Ge-0, 
Bur-0, Can-0, Per-1, Pa-2 and C24) grown under severe and mild Zn deficiency. Significant 
correlations are coloured in dark grey. ZnUI (Zn Usage Index); Shoot DW (dry weight); [Zn] 
(shoot Zn concentration); Zn Cont. (shoot total Zn content); SD (severe Zn deficiency) and 
MD (mild Zn deficiency).
3.3. Zn deficiency affects the ionome of A. thaliana accessions
The shoot ionome profile of the nineteen A. thaliana accessions was determined. Box 
plots of the combined results per element showed that there was substantial variation 
between treatments for almost all elements (Figure 7, Table S7). The Zn, Mg, Mo, Cu and 
Cd concentrations were significantly different between the Zn deficiency and sufficiency 
conditions in both mild and severe Zn deficiency experiments, while B, Na and Ca 
concentrations were only affected under mild Zn deficiency, and Mn and Fe concentrations 
only under severe Zn deficiency. When considering the Zn shoot concentration of all 
accessions we observed significant differences between severe and mild Zn deficiency 
conditions, but not between the two Zn sufficiency treatments (Figure 7, Table S7).
Broad sense heritability (H2) values were calculated to get an impression of the genetic 
contribution to the observed phenotypic variation between the studied accessions (Table 
1). Heritability values were generally higher when plants were grown for longer (mild 
Zn deficiency experiment) and when plants were exposed to the deficiency treatments 
compared to their Zn sufficiency treatments. The heritability for ZnUI was highest in 
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Figure 7: Box plots comparing element concentrations in shoots of nineteen A. thaliana 
accessions grown hydroponically under severe and mild Zn deficiency (-Zn) and their 
respective Zn sufficiency (+Zn) treatments. For each concentration the box represents the 
interquartile range (IQR), the bisecting line represents the median, the whiskers indicate 1.5 
times the IQR and the dots indicate outlier points. Lower case letters denote statistically 
different groups when comparing the four treatments using a one-way ANOVA with groupings 
by Tukey’s HSD test using a 95% confidence interval, p-values are shown in Table S7. For 
every treatment we used five plants of each accession, performing a total of 100 samples. 
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Figure 7: Box plots comparing element concentrations in shoots of nineteen A. thaliana 
accessions grown hydroponically under severe and mild Zn deficiency (-Zn) and their 
respective Zn sufficiency (+Zn) treatm n s. For each concentration the box repres nts the 
interquartile range (IQR), the bisecting line represents the median, the whiskers indicate 
1.5 times the IQR and the dots indicate outlier points. Lower case letters denote statistically 
different groups when comparing the four treatments using a one-way ANOVA with 
groupings by Tukey’  HSD test usin  a 95% confidence interval, p-v lues are shown in Table 
S7. For every treatment we used five plants of each accession.
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the mild Zn deficiency treatment, suggesting that under those conditions a large part of 
the observed variation is due to genetic differences between accessions. The lowest 
heritability was found for Fe concentration, in both Zn sufficiency conditions, which 
suggests that the concentration of this element is under tight genetic control, which allows 
only little opportunity for genetic variation between accessions. The highest heritability 
was found for Mo, with an extremely high value of 0.97 under mild Zn deficiency. This 
means that the concentration of this element is not much affected by environmental 
effects and is largely under genetic control. Heritability values for Zn concentrations and 
Zn content ranged from 0.41 to 0.65. Although lowest under the extreme treatment 
of severe Zn deficiency a large part of the observed variation is of genetic origin.
Traits (H2)
Mild
Zn sufficiency
Mild
Zn deficiency
Severe
Zn sufficiency
Severe
Zn deficiency
SFW 0.44 0.62 0.41 0.66
SDW 0.68 0.78 0.40 0.48
ZnUI 0.65 0.81 0.40 0.57
Shoot Zn Content 0.60 0.62 0.50 0.41
[Zn] 0.63 0.65 0.60 0.49
[Mn] 0.68 0.69 0.60 0.64
[Fe] 0.36 0.53 0.32 0.83
[Cu] 0.50 0.75 0.59 0.38
[Mo] 0.91 0.97 0.86 0.75
[Cd] 0.59 0.73 0.49 0.76
[B] 0.67 0.51 0.63 0.78
[Na] 0.48 0.37 0.55 0.60
[Mg] 0.59 0.71 0.55 0.46
[P] 0.62 0.71 0.44 0.72
[S] 0.45 0.59 0.53 0.58
[K] 0.51 0.65 0.46 0.48
[Ca] 0.72 0.69 0.42 0.52
Table 1: Broad sense heritability (H2) values for the traits measured in shoots of nineteen 
A. thaliana accessions grown hydroponically under Zn deficiency and sufficiency conditions 
of the severe (31 days of growth) and mild Zn deficiency (41 days of growth) experiments. 
Traits abbreviations: SFW - shoot fresh weight (g), SDW - shoot dry weight (mg); ZnUI - Zn 
Usage Index; Shoot Total Zn Content (µg) and [Zn] - Zn and other elements concentrations 
(ppm - µg.g-1 dry weight).
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3.4. Classification of the plant Zn deficiency state using multinomial logistic regression 
We designed a multinomial logistic regression (MLR) model, similar to the model 
described by Baxter et al. (2008b), to enable the classification of plant Zn deficiency 
status based on its ionomic profile. Normalized element concentrations were used in 
the MLR model for 11 elements which concentrations could be reliably measured (B, 
Mg, P, S, K, Ca, Mn, Fe, Cu, Zn and Mo). The severe and mild Zn deficiency treatments in 
the MLR model had their log-odds ratio with respect to the Zn sufficiency control group 
extracted. Hence, plants can either be in a Zn sufficiency, mild Zn deficient or severe Zn 
deficient state. These states have probabilities, p_Zn sufficiency, p_mild Zn deficiency 
and p_severe Zn deficiency, which are a function of the element concentrations. The 
prediction for the state of a new plant is defined as the category with the highest probability.
Table 2: Prediction performance values for each element used in a logistic regression model 
to predict plant state, distinguishing Zn sufficiency control plants and plants suffering from 
severe or mild Zn deficiency.
UNIVARIATE 
MODELS Average Zn Sufficiency
Severe
Zn Deficiency
Mild
Zn Deficiency
B 0.4804 0.914 0.002 0.0837
Mg 0.5442 0.901 0.364 0
P 0.5025 1 0 0
S 0.5005 0.993 0 0.0061
K 0.5005 0.991 0 0.0102
Ca 0.5427 0.949 0 0.2673
Mn 0.5467 0.882 0.412 0
Fe 0.5608 0.977 0.278 0
Cu 0.6276 0.877 0.716 0.0286
Zn 0.9744 0.996 0.92 0.9857
Mo 0.509 0.911 0.204 0
MULTIVARIATE 
MODELS Average Zn Sufficiency
Severe
Zn Deficiency
Mild
Zn Deficiency
All elements except 
Zn
0.7962 0.8738 0.7750 0.6596
All elements 0.9681 0.9921 0.9332 0.9549
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To assess each element’s ability to predict the plant status, we first fitted a univariate MLR 
model for each element. Subsequently we fitted a multivariate MLR model, including a 
LASSO penalty, which is a multiple of the absolute values of the regression coefficients. 
The level of penalization was chosen by 10-fold cross-validation. Hence, at the ‘outer’ 
level this procedure draws subsamples of the data to assess prediction performance, 
and cross-validation at the ‘inner’ level to choose the appropriate penalization. Finally, 
we also fitted a multivariate MLR model for the element concentrations excluding Zn.
Given the normalized element concentrations, the MLR models enabled the differentiation 
between plants facing severe Zn deficiency, mild Zn deficiency, and Zn sufficiency conditions. 
The univariate model (i.e. with a single element as only predictor) performed poorly for 
most elements, and often mistakenly identified plants under Zn deficiency as Zn sufficiency. 
Zn concentration, on the other hand, separates the three classes very well, with prediction 
accuracies ranging from 0.92 for the plants under severe Zn deficiency to 0.99 for the Zn 
sufficiency plants. This is expected, given that the Zn supply concentration varied. Cu has good 
prediction performance for severe Zn deficiency, while Ca is the only element (apart from 
Zn) that identified a substantial number of the plants under mild Zn deficiency (Table 2). Mg, 
Mn, Fe, and Mo performed only marginally well, having to some extent the ability to identify 
plants under severe or mild Zn deficiency. For the other elements (B, P, S, and K) the univariate 
model performs hardly better than a naïve classifier that would always predict Zn sufficiency.
A penalized multivariate model fitted on all elements, except Zn, performed much better: the 
accuracy for mild (0.6596) and severe Zn deficiency (0.7750) is far higher than with any element 
alone (again, except Zn), and the accuracy for the Zn sufficiency controls (0.8738) is still very 
good. The penalized multivariate model fitted on all elements (including Zn) and performed 
similar to the model with Zn alone, the latter having higher accuracy for the Zn sufficiency 
and mild Zn deficiency treatments and less on the severe Zn deficient plants (Table 2).
4. Discussion
Both the mild and the severe Zn deficiency treatments induced a response in the tested A. 
thaliana accessions, even though under mild Zn deficiency, hardly any visible symptoms could 
be observed. The response to both levels of Zn deficiency stress were comparable for most 
of the accessions, but the variation observed in the mild deficiency treatment appears to be 
more amenable to genetic analysis, with generally higher trait heritability values. The lower 
heritability values observed in plants grown under severe Zn deficiency may be a result of the 
stress severity. In this context the stress faced by the plants is beyond the genetic capacity of 
most accessions to still tolerate such low levels of Zn concentration. In addition, the severe 
Zn deficiency treatment we imposed will be very rarely encountered by A. thaliana in nature. 
This would explain why tolerance to such conditions will not have evolved in this species. 
Zn concentration in soils around the world where A. thaliana plants are found range from 
18 to 290 mg/Kg of Zn while Zn concentration in the leaves of A. thaliana plants grown in 
these regions can range from 43 to 254 mg/Kg of Zn (www.ionomicshub.org/ionomicsatlas).
We demonstrated that A. thaliana accessions may vary for the minimum Zn concentration 
required for optimal growth, which is likely to contribute to differences in Zn deficiency 
tolerance. Zn concentrations in rosettes of plants exposed to severe Zn deficiency approached 
35
the minimum concentration of 15-20 ppm suggested by Marschner (1995) to be required for 
plants to grow. Although the plants were exposed to this extreme Zn deficiency treatment 
for a considerable length of time (31 days), there were still accessions that had not reached 
this minimum concentration (Table S3). However, based on the extensive chlorosis that 
nearly all accessions displayed, growth will have ceased at that time. Thus, it looks like there 
is variation between accessions for this minimum Zn concentration requirement. Similar 
findings were reported for other species, of which genotypes with different Zn deficiency 
tolerance levels had similar shoot Zn concentrations (Cakmak et al., 1998;Rengel, 2001;Genc 
et al., 2002;Hacisalihoglu et al., 2003;Wissuwa et al., 2006;Sadeghzadeh et al., 2009). Under 
mild Zn deficiency, only a few accessions had Zn concentrations around the suggested 
minimum, explaining why most did not show visible phenotypes, although growth had 
decreased compared to Zn sufficiency conditions. Such mild conditions appear to be much 
more suitable for use in genetic analysis of the Zn deficiency response in A. thaliana, as it 
is more likely to reveal genetic variation relevant to adaptation under natural conditions.
We measured Zn deficiency tolerance based on two parameters: (1) the relative change in 
SDW and Zn concentration between plants grown under Zn deficiency and Zn sufficiency 
conditions; and (2) the Zn Usage Index (ZnUI), which reflects the amount of biomass 
produced per unit of Zn concentration. The change in SDW and Zn concentration are 
attractive traits to monitor when aiming to optimise crop yield and Zn concentration under 
Zn deficiency conditions. Furthermore, plants responding with a small change in SDW and 
shoot Zn concentration to Zn deficiency are more likely to provide higher crop yields with 
higher shoot Zn concentrations under reduced Zn supply. On the other hand, the study of 
natural variation for ZnUI will specifically reveal the mechanisms involved in a higher Zn 
use efficiency, i.e. the ability to produce more biomass with less Zn. In support of this, ZnUI 
is preferably used in studies aiming to compare genotypes which do not show substantial 
differences in shoot Zn concentration, but show differences in biomass production 
under Zn deficiency (Siddiqi and Glass, 1981;Marschner, 1995;Cakmak et al., 1998;Good 
et al., 2004). Both parameters have been widely used by other authors for quantifying 
tolerance to Zn deficiency (Graham et al., 1992;Rengel and Graham, 1996;Cakmak et al., 
1998;Hacisalihoglu et al., 2004;Genc et al., 2006;Ghandilyan et al., 2012;Karim et al., 2012).
In this study we found that plants grown under Zn deficiency showed differences for the 
change in SDW and to a lower extent in shoot Zn concentration when compared to plants 
grown on sufficient Zn. These findings suggest that some of the variation in SDW may be due 
to differences in the Zn uptake capacity and in the minimal Zn concentration needed by each 
accession to maintain growth. As an example of this we also found that the accession Tsu-0 
had a similar Zn concentration as the other accessions, but a higher SDW across the four 
treatments studied, probably due to a higher ability of taking up Zn in comparison to the other 
accessions. On the other hand, accessions such as Pa-2, which had a strong decrease in SDW 
but a small decrease in shoot Zn concentration, may have a low Zn uptake capacity and has 
a limited biomass production in order to maintain the shoot Zn concentration. In addition, 
some of the accessions showed an increase in biomass production in response to the (mainly 
mild) Zn deficiency treatment, which provides further indication that accessions vary for the 
minimum Zn concentration required for growth. The ability to enhance the Zn uptake from soils 
is among the proposed mechanisms underlying plants increased tolerance to Zn deficiency 
(Rengel, 2001). Other factors which are suggested to be involved in a higher tolerance to Zn 
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deficiency are: the ability to increase bioavailability of Zn present in the soil, improved root 
system architecture which enables the scavenging of a larger soil volume, a more efficient 
utilization and compartmentalization of Zn within the plant and a higher resistance to ROS 
(Cakmak et al., 1996;Cakmak, 2000;Rengel, 2001;Gao et al., 2005;Genc et al., 2006;Hoffland 
et al., 2006;Wissuwa et al., 2006;Chen et al., 2009;Impa et al., 2013a;Impa et al., 2013b).
At the molecular level we observed differences between gene expression levels which may 
underlie variation in biomass production and Zn deficiency tolerance among the studied 
A. thaliana accessions. We found a positive correlation between ZIP3 and ZIP4 expression 
levels and the traits ZnUI and SDW in addition to a negative correlation between shoot Zn 
concentration and the expression levels of these genes under mild Zn deficiency. This suggests 
that in accessions more tolerant to Zn deficiency the higher expression of ZIP3 and ZIP4 may 
have resulted in a more efficient translocation and distribution of Zn in shoots under mild 
Zn deficiency. Under severe Zn deficiency we also found a positive correlation between ZIP4 
and IRT3 expression levels and ZnUI. However, we found no correlation between expression 
levels of these genes and Zn concentration or SDW. This may indicate that under severe Zn 
deficiency these genes are not able to increase Zn translocation because of the already low 
amount of Zn available for the plant to take up at the root level. In support for this hypothesis, 
Rengel (2001) suggests that when plants are exposed to very low Zn concentrations the 
capacity of Zn2+ replenishment at the root surface is lower than the capacity of cells to take up 
Zn2+ and processes involved in a higher ability to take up Zn become of secondary importance.
In addition to differences in the gene expression level, other factors may be responsible for 
the variation observed in the response to Zn deficiency between the studied accessions. 
Differences between the accessions for SDW and Zn concentration in shoots could reflect 
other processes involved in Zn deficiency tolerance such as a higher capacity of resisting 
oxidative stress and a better utilization of Zn (Rengel, 2001;Sinclair and Kramer, 2012). In 
line with this idea we found differences in the level of expression among accessions of the 
genes CA2 and CSD2. Both genes encode enzymes which need Zn as a structural component 
or as a co-factor (Sunkar et al., 2006;Ferreira et al., 2008) and showed in most cases low 
relative expression under Zn deficiency. This indicates that a Zn economy mechanism might 
operate in A. thaliana under Zn deficiency and as a result the expression and turn-over 
rate of CSD2 and CA2 is adjusted to the level of Zn available. Similarly, under Cu deficiency, 
Cu is relocated from CSD1 and CSD2 to supply the photosynthetic electron transport chain 
(Gayomba et al., 2013). In addition, Li et al. (2013) showed that in Sorghum bicolor plants 
exposed to Zn deficiency CA2 is preferred over CSD2 for Zn delivery upon Zn re-supply.
Based on the observed differences in the expression levels of the Zn deficiency responsive 
genes, SDW, shoot Zn content and Zn concentration, we propose two possible strategies 
on how different accessions may respond in the gene expression level to the severe and 
mild Zn deficiency treatments (Figure 8). We propose that under severe Zn deficiency, 
plants with contrasting expression levels of the Zn deficiency responsive genes have already 
induced their gene expression levels to a maximum. However, the replenishment of Zn2+ 
at the root surface under severe Zn deficiency will be lower than the capacity of root cells 
to take up Zn2+ and they are no longer able to take up sufficient Zn2+ from the medium to 
sustain growth and maintain the Zn cellular concentrations at a minimum level. Therefore, 
differences in growth between accessions under severe Zn deficiency are smaller and reflect 
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more differences in the minimum Zn concentration accessions require for growth and other 
processes involved in Zn deficiency tolerance. On the other hand, under mild Zn deficiency 
plants will still able to take up some Zn2+ from the media, at least enough to fulfil their 
minimum Zn requirements and continue growing. As a result, their Zn responsive genes 
expression levels are not yet at a maximum and not variable between accessions, while 
differences in biomass production between accessions are more pronounced in comparison 
to the severe Zn deficiency treatment, due to differences in the minimum Zn concentration 
required for growth between accessions. However, further experimentation at a detailed 
time scaling and using different levels of Zn supply will be needed to validate these strategies.
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Figure 8: Diagrams depicting two strategies of hypothetical Arabidopsis thaliana accessions 
in increasing their biomass after exposure to severe (A) or mild (B) Zn deficiency. Arrows 
represent differences in ZIP gene expression between the two hypothetical accessions with 
differences in the Zn uptake capacity and in the required minimum level of Zn to promote 
growth after exposure to Zn deficiency across a certain period of time. 
 
Besides affecting the Zn concentration in the shoot, we also found that exposure to Zn 
deficiency affected the concentrations of other elements. Fe and Mn concentrations have been 
found previously to vary in A. thaliana plants with variation in Zn supply (either deficiency or 
excess) (van de Mortel et al., 2006;Shanmugam et al., 2011;Gruber et al., 2013). Similar 
effects as for Zn deficiency are also described for Fe deficiency, e.g. Baxter et al. (2008b) 
demonstrated that the concentrations of Zn, Mn, Co, and Cd increased in A. thaliana plants 
grown under Fe deficiency when compared to sufficient Fe supply. This was attributed to the 
enhanced expression of IRT1 which encodes a transmembrane transporter up-regulated under 
Fe deficiency and able to transport not only Fe, but also Zn, Mn, Co, and Cd (Vert et al., 
2002). The increase in Fe, Mn, Co and Cd concentrations are thus likely to be due to the 
enhanced expression of transporters involved in Zn uptake, as we showed for IRT3, ZIP3 and 
ZIP4. Several of these transporters have the ability of transporting other elements besides Zn 
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Figure 8: Diagrams depicting two strategies of hypothetical Arabidopsis thaliana 
accessions in increasing their biomass after exposure to severe (A) or mild (B) Zn deficiency. 
Arrows present difference in ZIP gene expression between the two hypothetical 
accessions with differences in the Zn uptake capacity and in the required minimum level of 
Zn to promote growth after exposure to Zn deficiency across a certain period of time.
Besides affecting the Zn concentration in the shoot, we also found that exposure to Zn 
deficiency affected the concentrations of other elements. Fe and Mn concentrations have 
been found previously to vary in A. thaliana plants ith variation in Zn supply (either 
deficiency or excess) (van de Mortel et al., 2006;Shanmugam et al., 2011;Gruber et al., 
2013). Similar effects as for Zn deficiency are also described for Fe deficiency, e.g. Baxter 
et al. (2008b) demonstrated that the concentrations of Zn, Mn, Co, and Cd increased 
in A. thaliana plants grown under Fe deficiency when compared to sufficient Fe supply. 
This was attributed to the enhanced expression of IRT1 which encodes a transmembrane 
transporter up-regulated under Fe deficiency and able to transport not only Fe, but also 
Zn, Mn, Co, and Cd (Vert et al., 2002). The increase in Fe, Mn, Co and Cd concentrations 
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are thus likely to be due to the enhanced expression of genes encoding transporters 
involved in Zn uptake, as we showed for IRT3, ZIP3 and ZIP4. Several of these transporters 
have the ability of transporting other elements besides Zn and likewise for several other 
members of the A. thaliana Zinc-Regulated Transporter, Iron Regulated Transporter (ZRT-
IRT)-like family of proteins (Eide et al., 1996;Grotz et al., 1998;Connolly, 2002;Wintz et al., 
2003;Lin et al., 2009;Milner et al., 2013;Shanmugam et al., 2013). The same appears to 
be the case for other types of transporters involved in mineral sequestration and tissue 
distribution. The increase in the concentration of minerals other than Zn upon Zn deficiency 
is not restricted to A. thaliana, but has been described for other plant species (Cakmak 
et al., 1996;Rengel and Graham, 1996;Wu et al., 2007). In addition, we hypothesized that 
the increased concentrations of other elements under severe Zn deficiency may have 
attenuated the oxidative stress response, explaining the stronger visual symptoms of 
chlorosis and necrotic spots in leaves of the severe Zn deficiency stressed plants. Cakmak 
(2000) previously described a relation between the increase in Fe concentration under 
Zn deficiency and its effect on the development of oxidative stress symptoms due to the 
elevated formation of reactive oxygen species (ROS) by increasing replacement of Zn2+ by Fe2+.
The variation for heritability values observed between element concentrations indicates 
that elements have different degrees of genetic variation and dependence on environmental 
factors (Richard et al., 2011). In this study the low heritability values observed for Fe 
concentration under Zn sufficiency conditions reflect the smaller variation for Fe concentration 
observed among genotypes when grown under optimal Zn conditions. Low heritability 
values for Fe concentration in plants grown under Zn sufficiency conditions were also found 
by Ghandilyan et al. (2009) when studying an A. thaliana RIL population (An-1 x Ler) and by 
Baxter et al. (2012) in a set of 96 A. thaliana accessions. Other studies have also observed a 
large variation in heritability values for element concentrations, which reflects the genetic 
heterogeneity of A. thaliana accessions (Baxter et al., 2008a;Ghandilyan et al., 2009;Richard 
et al., 2011;Baxter et al., 2012;Kiani et al., 2012). This indicates that determining element 
concentrations for different genotypes will be more informative for unravelling the genetic 
basis of mineral homeostasis than measuring highly derived traits, such as SFW or SDW.
Finally, monitoring specific changes in the shoot ionome of A. thaliana accessions 
grown under different levels of Zn nutrition enabled us to build a MLR model capable of 
differentiating the physiological status of genotypes exposed to Zn deficiency based on 
the concentration of other elements. Nevertheless, we demonstrated that the prediction 
accuracy in the MLR model increased by including Zn concentrations in the model. This is 
different from what was reported by Baxter et al. (2008b), who used a similar approach 
to estimate the physiological status of A. thaliana plants when plants are exposed to Fe 
or P (phosphorus) deficiency. Similarly to our results Baxter et al. (2008b) observed 
differences in P concentration between the P deficiency and sufficiency treatments. 
However, when P concentrations were included in their model, the accuracy decreased, 
opposite to what we found when including Zn concentrations. This could be because 
we included two different Zn deficiency treatments and thus incorporated more data 
points, while only one deficiency treatment was used in the P deficiency study (Baxter et 
al., 2008b). Also important was that Zn concentrations in shoots of plants grown under 
severe and mild Zn deficiency were significantly different, next to being extremely low.
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5. Conclusion
Zn deficiency has a strong effect on the growth, ionome and gene expression level of Zn 
deficiency responsive genes in A. thaliana. This effect is not the same for the twenty tested 
A. thaliana accessions, indicating the presence of natural genetic variation in the examined 
traits. The ZnUI and the change in SDW and Zn concentration are good predictors for Zn 
deficiency tolerance. Phenotypic differences among plants exposed to severe and mild Zn 
deficiency reflect an increase in shoot Fe and Mn concentration, which is most apparent 
under severe Zn deficiency. Furthermore, the shoot ionome profile can be used as a 
predictor for the plant Zn deficiency status based on changes in the concentration of other 
elements than Zn. Finally, the combined analyses of shoot gene expression level, ZnUI and 
SDW indicate that accessions vary in the minimum Zn concentration required for growth. In 
addition, these analyzes indicated that accessions more tolerant to Zn deficiency have a better 
ability of translocating and distributing Zn in the shoot and a higher resistance to oxidative 
stress. These parameters are useful as a proxy to evaluate plants tolerance to Zn deficiency.
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Supplemental data
Table S1: Detailed information of the twenty A. thaliana accessions used in this study. * 
Represents mis-identified accessions and their original location might not be correct, see 
(Anastasio et al., 2011).
ABRC new
Stock Number
ABRC old
Stock number
Native Name Origin Latitude Longitude
CS28343 CS6734 Hau-0 Denmark 55.67 12.56
CS28457 CS6909 Li-5:2 Germany 50.38 8.06
CS28490 CS1362 Mc-0 UK 54.61 -2.30
CS28595 CS6826 Pa-2 Italy 38.07 13.22
CS28780 CS6874 Tsu-0 Japan 34.43 136.31
CS28808 CS22542 Wag-3 The Netherlands 51.96 5.61
CS28848 CS22672 Ors-1 Romania 44.72 22.39
CS76100 CS22591 Bor-4 Czech Republic 49.40 16.23
CS76105 CS22656 Bur-0 Ireland 54.10 -6.20
CS76106 CS22620 C24 Portugal 41.25 -8.42
CS76109 N1065 Can-0 Spain 29.21 -13.48
*CS76113 CS22625 Col-0 unknown - -
CS76116 CS22614 Cvi-0 Cape Verde Islands 15.11 -23.61
CS76135 N1187 Ge-0 Switzerland 46.50 6.08
CS76150 CS6751 Kas-2 Kashmir 35.00 77.00
*CS76164 CS22618 Ler-1 Poland 52.73 15.23
CS76192 CS22642 Mt-0 Libya 32.34 22.46
CS76210 N1445 Per-1 Russia 58.00 56.31
CS76227 CS22652 Shah Tajikistan 38.35 68.48
CS76298 CS22580 Var 2-1 Sweden 56.14 15.78
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Table S2: Sequences of oligonucleotides used as primers for the qRT-PCR.
Gene Primer Orientation Primer Sequence (5’ – 3’)
bZIP19
Forward
CGTGCTTCCATGTCCACACC
Reverse
CCCGGTTTCCCAAAGGTCTC
ZIP3
Forward
CTCCTTCTCATCGCCGTCGT
Reverse
CGAGCTCCGGCTTTGTTTTC
ZIP4
Forward
GGCTGCATCTCTCAGGCACA
Reverse
GGCCACTGCAGTTCCAATCC
CA2
Forward
GCCAAAGGTCAAAGCCCAAA
Reverse
CGAAGGCATCTCCAGGATGG
CSD2
Forward
ATGGCGTGGCAGAAACAACA
Reverse
CACCCTTTCCGAGGTCATCC
PEX4
Forward
ATCCTGAGCCGGACAGTCCTC
Reverse
CATAGCGGCGAGGCGTGTAT
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Table S5: Results of the two-way ANOVA analysis performed for shoot dry weight (SDW), 
shoot Zn concentration ([Zn]), shoot Zn content, Zn Usage Index (ZnUI) and gene expression 
ΔCT values to test for significant differences between treatments, accessions and the 
interaction between treatments and accessions. Analyses were performed separately for 
the severe and mild Zn deficiency experiments, with a cut-off for significance of p < 0.05.
Trait Treatment Accession Treatment * Accession
SDW Severe F
1,1
 = 69.00, P = 0.000 F
1,18
 = 3.13, P = 0.000 F
1,18
 = 2.134, P = 0.006
SDW Mild F
1,1
 = 22.705, P = 0.000 F
1,18 
= 20.28, P = 0.000 F
1,18
 = 1.581, P = 0.067
Shoot [Zn] Severe F
1,1
 = 4003.63, P = 0.000 F
1,18
 = 4.97, P = 0.000 F
1,18
 = 5.93, P = 0.000
Shoot [Zn] Mild F
1,1
 = 5327.86, P = 0.006 F
1,18
 = 9.58, P = 0.000 F
1,18
 = 4.92, P = 0.000
Shoot Zn content Severe F
1,1
 = 2373.15, P = 0.000 F
1,18
 = 2.79, P = 0.000 F
1,18
 = 3.59, P = 0.000
Shoot Zn content Mild F
1,1
 = 1039.77, P = 0.000 F
1,18
 = 10.44, P = 0.000 F
1,18
 = 1.43, P = 0.121
ZnUI Severe F
1,1
 = 1375.89, P = 0.000 F
1,18
 = 5.51, P = 0.000 F
1,18
 = 4.09, P = 0.000
ZnUI Mild F
1,1
 = 833.80, P = 0.000 F
1,18
 = 15.56, P = 0.000 F
1,18
 = 5.27, P = 0.000
bZIP19 Severe F
1,1
 = 1.369, P = 0.251 F
1,7
 = 3.455, P = 0.007 F
1,7
 = 0.619, P = 0.736
bZIP19 Mild F
1,1
 = 4.766, P = 0.036 F
1,7
 = 1.425, P = 0.230 F
1,7
 = 0.53, P = 0.805
ZIP3 Severe F
1,1
 = 119.062, P = 0.000 F
1,7
 = 13.02, P = 0.000 F
1,7
 = 9.08, P = 0.000
ZIP3 Mild F
1,1
 = 4.192, P = 0.049 F
1,7
 = 1.78, P = 0.125 F
1,7
 = 1.14, P = 0.362
ZIP4 Severe F
1,1
 = 19.591, P = 0.000 F
1,7
 = 3.076, P = 0.014 F
1,7
 = 3.102, P = 0.013
ZIP4 Mild F
1,1
 = 40.244, P = 0.000 F
1,7
 = 0.83, P = 0.570 F
1,7
 = 0.914, P = 0.508
IRT3 Severe F
1,1
 = 31.697, P = 0.000 F
1,7
 = 2.686, P = 0.026 F
1,7
 = 2.72, P = 0.025
IRT3 Mild F
1,1
 = 57.892, P = 0.000 F
1,7
 = 1.456, P = 0.218 F
1,7
 = 1.77, P = 0.127
CSD2 Severe F
1,1
 = 23.004, P = 0.000 F
1,1
 = 8.182, P = 0.000 F
1,7
 = 2.574, P = 0.032
CSD2 Mild F
1,1
 = 20.882, P = 0.000 F
1,7
 = 2.311, P = 0.050 F
1,7
 = 1.755, P = 0.131
CA2 Severe F
1,1
 = 7.65, P = 0.009 F
1,7
 = 9.19, P = 0.000 F
1,7
 = 11.584, P = 0.000
CA2 Mild F
1,1
 = 15.62, P = 0.000 F
1,7
 = 0.702, P = 0.670 F
1,7
 = 0.343, P = 0.928
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Table S6: Results of the one-way ANOVA analysis performed for change in shoot dry weight 
(SDW),change in shoot Zn concentration (shoot [Zn]) and change in shoot Zn content to 
test for significant differences between accessions. Analyses were performed separately for 
the severe and mild Zn deficiency experiments, with a cut-off for significance of p < 0.05.
Trait Accession
Change in SDW Severe F
1,18
 = 6.85, P = 0.000
Change in SDW Mild F
1,18
 = 5.93, P = 0.000
Change in shoot [Zn] Severe F
1,18
 = 5.37, P = 0.000
Change in shoot [Zn] Mild F
1,18
 = 11.94, P = 0.000
Change in shoot Zn content Severe F
1,18
 = 5.21, P = 0.000
Change in shoot Zn content Mild F
1,18
 = 3.19, P = 0.000
Trait Treatment Corrected p value
[B] F
1,3
 = 102.006, P = 0.000 0.000
[Na] F
1,3
 = 82.847, P = 0.000 0.000
[Mg] F
1,3
 = 45.812, P = 0.000 0.000
[P] F
1,3
 = 7.900, P = 0.000 0.000
[S] F
1,3
 = 3.162, P = 0.025 0.027
[K] F
1,3
 = 2.197, P = 0.088 1.144
[Ca] F
1,3
 = 15.051, P = 0.000 0.000
[Mn] F
1,3
 = 26.204, P = 0.000 0.000
[Fe] F
1,3
 = 26.864, P = 0.000 0.000
[Cu] F
1,3
 = 85.381, P = 0.000 0.000
[Zn] F
1,3
 = 1405.262, P = 0.000 0.000
[Mo] F
1,3
 = 26.660, P = 0.000 0.000
[Cd] F
1,3
 = 838.736, P = 0.000 0.000
Table S7: Results of the one-way ANOVA analysis performed for log10-transformed values 
of shoot elements concentration to test for significant differences between treatments 
(Severe Control, Severe Zn deficiency, Mild Control and Mild Zn Deficiency). A Benjamini-
Hochberg multiple comparisons correction was performed and the corrected p values are 
shown. A cut-off for significance of p < 0.05 was used.
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3. Natural variation in root morphology and ionome in response to Zn 
deficiency in Arabidopsis thaliana
Ana Carolina A. L. Campos, John Danku, David E. Salt, Mark G. M. Aarts
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Abstract
Zn deficiency is a widespread problem in soils around the world leading to agricultural losses 
and the production of plant products with low Zn content. The study of natural variation 
of plants in their response to low Zn enables the identification of processes controlling Zn 
homeostasis and genotypes showing higher tolerance to Zn deficiency. In this study root system 
architecture and ionome were characterized in a set of twenty diverse Arabidopsis thaliana 
accessions exposed to different levels of Zn deficiency. Plants were grown hydroponically and 
on agar plates. The traits analysed were: root biomass, root total length, root surface area, 
root average diameter, number of lateral roots and element concentrations. Accessions had 
large natural variation in root growth and morphological traits, both under Zn sufficiency 
and Zn deficiency, demonstrating the genetic control of plasticity in these environmental 
conditions. Our results indicate that variation in Zn deficiency tolerance between accessions 
at the root level may result from differences in root morphology, Zn uptake capacity and 
in the minimum Zn concentration required for growth. Zn deficiency caused a reduction 
in root growth mainly reflected in changes in root total length (RTL), number of lateral 
roots (NLR), and root Zn concentration. Roots from plants grown on agar plates were 
more affected by the Zn deficiency treatment when it was applied at early developmental 
stages. Zn deficiency also induced important changes in the root ionome, reinforced by the 
observed correlation between root traits and element concentrations under Zn deficiency. 
Based on the correlations between root traits of plants grown hydroponically and on agar 
plates we observed that the cultivation system has a significant effect on root growth and 
morphology in response to Zn deficiency, but show similar results under Zn sufficiency 
conditions. Finally, we were able to identify accessions with contrasting tolerance to Zn 
deficiency at the root level which is a valuable starting material for future genetic studies.
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1. Introduction
Plants are sessile organisms and have to adapt to the conditions in their surrounding 
environment in order to ensure their performance and growth. The root has an essential 
role in nutrients and water acquisition and also in providing support for the shoot 
growth. Additionally, it can store photoassimilates, synthesize phytohormones and be 
used for clonal propagation (Osmont et al., 2007). Thus, the ability of plants to alter traits 
related to root growth and morphology is very important to assure their access to vital 
resources, such as nutrients and water (Marschner, 1995;Osmont et al., 2007;Potters 
et al., 2007;Péret et al., 2009). Root system architecture represents the arrangement of 
roots in the soil with its branches of different ages and orders (Malamy and Ryan, 2001).
The fundamental morphology of roots is determined by genetic factors, but it can be 
modified by environmental factors such as nutrient availability in the soil (López-Bucio 
et al., 2003;Hodge et al., 2009;Gruber et al., 2013). Variation in nutrient concentrations 
or availability is known to affect root system architecture (Forde and Lorenzo, 2001). 
For instance, phosphorous shortage induces the formation of shallower roots which 
favours the exploitation of phosphorous in the top soil layer where it is more available 
(López-Bucio et al., 2003). When facing nutrient deficiency or excess, plants will not 
only change their root architecture, but also alter their internal elemental homeostasis 
to achieve a nutritional equilibrium (Lequeux et al., 2010;Jain et al., 2013). Plant 
phytohormones, such as auxins and cytokinins are also important in shaping the 
root system architecture (Aloni et al., 2006;Jones and Ljung, 2012;Sofo et al., 2013).
Extensive diversity for several traits including root system architecture have been 
identified by studying natural genetic variation among wild-collected Arabidopsis thaliana 
accessions (Mouchel et al., 2004;Alonso-Blanco et al., 2009;Pacheco-Villalobos and 
Hardtke, 2012). Intra-specific genetic variation for root developmental plasticity has also 
been described for other plants species, including Hordeum vulgare (barley), Brassica 
napus and Medicago trunculata (Genc et al., 2007;Schultz et al., 2010;Shi et al., 2013). The 
understanding of plants responses to low Zn and the natural variation of traits involved 
in tolerance to Zn deficiency is of paramount importance to reduce the impact of Zn 
deficiency on crop yield and nutritional quality. Zn deficiency affects approximately 30% 
of the agricultural soils worldwide (Marschner, 1995). Zinc is usually an insoluble nutrient 
in soils, mainly because of its adsorption onto clays, CaCO
3
 and organic matter in alkaline 
soils with high pH (Marschner, 1995). Thus, Zn deficient soils cause a widespread problem 
around the world, leading to both substantial agronomic losses and human malnutrition 
due to the low Zn content of staple foods, such as rice and wheat (Cakmak, 2007).
In this study we focused on the effect of Zn deficiency on root system architecture traits and 
changes in the root ionome (elemental composition of the root) using twenty diverse A. 
thaliana accessions. We describe the changes in root system architecture and root element 
concentrations of plants grown either hydroponically or on agar plates, under Zn sufficient 
and deficient conditions. Large natural variation was observed for all root traits analysed 
and A. thaliana accessions with contrasting tolerance to Zn deficiency at the root level were 
identified. Furthermore we demonstrate that differences in root morphology, Zn uptake 
capacity and minimum Zn concentration required for growth determine Zn deficiency tolerance.
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2. Material and methods
2.1. Plant material and hydroponic growth
A set of twenty Arabidopsis thaliana accessions (Table 1) was grown as described in 
Chapter 2. Images from the roots of plants grown under severe Zn deficiency and 
sufficiency conditions were acquired with a scanner (Epson/Expression/STD 1600 
scanner). The resulting grey-scale images were analyzed with the WinRhizo software 
Arabidopsis 2009c for root total length (RTL), root surface area (RSA), and root average 
diameter (RAD). We also measured root dry weight (RDW). In order to evaluate 
the effect of the Zn deficiency treatment on the different A. thaliana accessions we 
calculated the relative change in the root traits according to the following formula:
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Table 1: Detailed information of the twenty A. thaliana accessions used in this study. * 
Represents mis-identified accessions and their original location might not be correct, see 
reference (Anastasio et al., 2011). 
ABRC new 
Stock Number 
ABRC old 
Stock number 
Native 
Name Origin Latitude Longitude 
CS28343 CS6734 Hau-0 Denmark 55.67 12.56 
CS28457 CS6909 Li-5:2 Germany 50.38 8.06 
CS28490 CS1362 Mc-0 UK 54.61 -2.30 
CS28595 CS6826 Pa-2 Italy 38.07 13.22 
CS28780 CS6874 Tsu-0 Japan 34.43 136.31 
CS28808 CS22542 Wag-3 The Netherlands 51.96 5.61 
CS28848 CS22672 Ors-1 Romania 44.72 22.39 
CS76100 CS22591 Bor-4 Czech Republic 49.40 16.23 
CS76105 CS22656 Bur-0 Ireland 54.10 -6.20 
CS76106 CS22620 C24 Portugal 41.25 -8.42 
CS76109 N1065 Can-0 Spain 29.21 -13.48 
*CS76113 CS22625 Col-0 unknown - - 
CS76116 CS22614 Cvi-0 Cape Verde Islands 15.11 -23.61 
CS76135 N1187 Ge-0 Switzerland 46.50 6.08 
CS76150 CS6751 Kas-2 Kashmir 35.00 77.00 
*CS76164 CS22618 Ler-1 Poland 52.73 15.23 
CS76192 CS22642 Mt-0 Libya 32.34 22.46 
2.2. Agar plate growth
The same set of twenty A. thaliana accessions (Table 1) was also grown using agar plates. 
Seeds were surface-sterilized with chlorine vapor-phase seed sterilization and sown 
in square agar plates (120 x 120 x 17 mm) (Greiner Bio-One®) containing 40 mL of half 
strength MS medium including vitamins (Duchefa Biochemie®) supplem nted with 5 g.L-1 of 
sucrose, 8 g.L-1 of agar and 17 µM ZnSO
4
 (Zn sufficiency) and no Zn added (Zn deficiency) and 
adjusted to pH 5.8 using KOH. After sowing, seeds received a 4-day stratification treatment 
at 4 °C in the dark, to promote uniform germination. Plates were placed vertically in a 
climate-controlled chamber set at 50% relative humidity, with a 16 h day (120 µmol photons 
m-2.s-1), and a constant temperature of 24 °C for 16 days. Four treatments were used: 
plants were grown in medium with sufficient Zn for 1 week and subsequently transferred to 
medium with (1) sufficient Zn or (2) Zn deficiency; and plants were grown in medium with Zn 
deficiency and subsequently transferred to medium with (3) sufficient Zn or (4) Zn deficiency. 
Images from the roots were acquired with a scanner (Epson/Expression/STD 1600 scanner). 
The resulting grey-scale images were analyzed with the WinRhizo software Arabidopsis 
2009c for RTL, RSA, RAD, and number of lateral roots (NLR). In order to evaluate the effect 
of the Zn deficiency treatment on the different A. th liana accessions we calculated the 
relative change in the root traits measured. We also measured shoot dry weight (SDW).
2.3. Tissue elemental analysis
The root ionome profile was determined in plants grown hydroponically under 
severe and mild Zn deficiency and sufficiency conditions, as described in chapter 2.
2.4. Statistical analysis
For all root system architecture traits and Zn concentration we performed a two-way 
ANOVA analysis to test for significant differences between treatments, accessions and the 
interaction between treatments and accessions. To test for significant differences between 
accessions for change in RDW, Zn concentration, RTL, RSA and RAD we performed a one-way 
ANOVA test. We also performed a one-way ANOVA to test for significant differences between 
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ABRC new
Stock 
Number
ABRC old
Stock 
number
Native 
Name Origin Latitude Longitude
CS28343 CS6734 Hau-0 Denmark 55.67 12.56
CS28457 CS6909 Li-5:2 Germany 50.38 8.06
CS28490 CS1362 Mc-0 UK 54.61 -2.30
CS28595 CS6826 Pa-2 Italy 38.07 13.22
CS28780 CS6874 Tsu-0 Japan 34.43 136.31
CS28808 CS22542 Wag-3 The Netherlands 51.96 5.61
CS28848 CS22672 Ors-1 Romania 44.72 22.39
CS76100 CS22591 Bor-4 Czech Republic 49.40 16.23
CS76105 CS22656 Bur-0 Ireland 54.10 -6.20
CS76106 CS22620 C24 Portugal 41.25 -8.42
CS76109 N1065 Can-0 Spain 29.21 -13.48
*CS76113 CS22625 Col-0 unknown - -
CS76116 CS22614 Cvi-0 Cape Verde Islands 15.11 -23.61
CS76135 N1187 Ge-0 Switzerland 46.50 6.08
CS76150 CS6751 Kas-2 Kashmir 35.00 77.00
*CS76164 CS22618 Ler-1 Poland 52.73 15.23
CS76192 CS22642 Mt-0 Libya 32.34 22.46
CS76210 N1445 Per-1 Russia 58.00 56.31
CS76227 CS22652 Shah Tadjikistan 38.35 68.48
CS76298 CS22580 Var 2-1 Sweden 56.14 15.78
Table 1: Detailed information of the twenty A. thaliana accessions used in this study. * 
Represents mis-identified accessions and their original location might not be correct, see 
reference (Anastasio et al., 2011).
the four treatments applied in this study for each element concentration. For element 
concentrations, the values were log10 transformed and we performed a Benjamini-Hochberg 
multiple comparisons correction of the p-values. If significant differences were observed we 
performed a Tukey’s HSD post-hoc test with a cut-off level of significance lower than 0.05.
Pearson correlation coefficients were calculated for the root elements concentration 
and root system architecture traits based on line averages. The analysis was performed 
for the treatments used separately. A two-tailed test of significance was performed 
and a p-value of 0.05 was used as cut-off. We also calculated broad-sense heritability 
values for all traits studied as the ratio between estimated Genetic Variance and 
Total Phenotypic Variance (= Genetic Variance + Environmental Variance). Finally we 
did a principal component analysis (PCA) using root elements concentration of the 
twenty A. thaliana accessions grown hydroponically for each treatment separately.
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3. Results
3.1. Root system architecture traits change in hydroponically grown plants
Root dry weight (RDW), root total length (RTL) and surface area (RSA) were significantly 
reduced in response to the severe Zn deficiency treatment, while root average diameter 
(RAD) was slightly higher (Figure 1A), but not significantly different between the treatments 
(Table S1 and S2). Significant difference was observed between accessions for all the 
analyzed traits and the effect of the Zn deficiency treatment was accession dependent 
(Table S2 and S4). Zn deficiency tolerance was measured based on the relative change in 
root traits. Accessions showed large variation in the capacity of growing roots when facing 
Zn deficiency in comparison to Zn sufficient conditions (Figure 1, Table S3 and S4). The 
accessions Can-0, Cvi-0, Pa-2 and Var 2-1 had a decrease in root biomass close to zero. Pa-2 
also showed a decrease in RTL close to zero under severe Zn deficiency, while Can-0, Cvi-0 
and Var 2-1 had their RTL decreased by about 30%. This result may reflect the reduction 
in the number of lateral roots in the accessions Can-0, Cvi-0 and Var 2-1 when exposed 
to severe Zn deficiency. Furthermore, it indicates that Pa-2 may have a better ability to 
maintain the formation of lateral roots, shown by its very low decrease in RTL and increase 
in RSA in comparison to the other accessions under severe Zn deficiency conditions.
The accessions Ge-0, Ors-1, Per-1, Tsu-0 and Wag-3 were more sensitive to Zn deficiency at 
the root level and had a decrease in root biomass of above 40% in response to the severe 
Zn deficiency treatment (Figure 1). Tsu-0 and Ge-0 were among the accessions with highest 
root biomass production under Zn sufficiency conditions which contributed to the strong 
decrease in RDW observed for these accessions under Zn deficiency (Figure 1F). Ge-0 and 
Ors-1 were also among the accessions with a strong decrease in RTL. The traits RTL and RSA 
were highly correlated (Figure 3), indicating that accessions with longer roots also had a 
larger surface area. The variation observed between accessions for these traits may reflect 
their ability to grow lateral roots. Surprisingly, no accession showed natural variation for RAD 
when grown hydroponically under Zn deficiency or sufficiency conditions (Table S1 and S2).
3.2. Changes in root system architecture related traits in response to plants adaptation to 
Zn deficiency (agar plates)
Based on the previous results obtained from plants grown hydroponically we conducted 
a more detailed experiment using agar plates to examine the effect of Zn deficiency on 
root growth and morphology at different developmental stages of the plant. A significant 
treatment effect was observed for all the analyzed traits, and the response to the treatments 
applied was accession dependent (Table S6). In addition, accessions displayed large natural 
variation for the root traits measured under all treatments. In general, RTL, RSA and NLR 
were reduced in all treatments in which Zn deficiency was applied in comparison to the Zn 
sufficiency condition (Figure 2 A). On the other hand, not much difference was observed 
between the treatments for RAD (Figure 2 A). However, in contrast to our previous results, 
obtained from plants grown hydroponically (Table S1), accessions had larger variation for 
RAD when grown under both sufficient and deficient Zn conditions on agar plates (Table S5).
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Figure 1: Average values for root dry weight (RDW – mg*1000), root total length (RTL – 
cm), root average diameter (RAD – mm *1000), and root surface area (RSA – cm2) of the 
twenty A. thaliana accessions grown hydroponically under severe Zn deficiency and 
sufficiency conditions (A). Relative change in RDW (B), RTL (C), RSA (D) and, RAD (E) 
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Figure 1: Average values for root dry weight (RDW – mg*1000), root to al length (RTL 
– cm), root average diameter (RAD – mm *1000), and root surface area (RSA – cm2) 
of the twenty A. thaliana accessions grown hydroponically under severe Zn deficiency 
and sufficiency conditions (A). Relative change in RDW (B), RTL (C), RSA (D) and, RAD (E) 
represented in perce tage. Overview of th  biomass production and Zn conce tration in 
roots of the twenty A. thaliana accessions grown under severe Zn deficiency and sufficiency 
(control) conditions (F).
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Figure 2: (A) Average values for different root traits: root total length (RTL in cm), root 
surface area (RSA in cm2), root average diameter (RAD in mm *100) and number of lateral 
roots measured in the 20 A. thaliana accessions grown on vertical agar plates for 16 days 
under different Zn deficiency (-Zn → -Zn, -Zn → +Zn, +Zn → -Zn) and Zn sufficiency or 
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Figure 2: (A) Average values for different root traits: root total length (RTL in cm), root 
surface area (RSA in cm2), root average diameter (RAD in mm *100) and number of lateral 
roots measured in the twenty A. thaliana accessions grown on vertical agar plates for 16 
days under different Zn deficiency (-Zn → -Zn, -Zn → +Zn, +Zn → -Zn)  Zn sufficiency or 
control (+Zn → +Zn) treatments. The Zn deficiency (-Zn → -Zn) and sufficiency (+Zn → +Zn) 
treatments were used to calculated the relative change in RTL (B), RSA (C), RAD (D) and 
NLR (E) when comparing the Zn deficiency treatment to the Zn sufficiency treatment.
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Correlations between hydroponically and agar grown plants 
 
To compare the two plant cultivation methods, we performed a correlation analysis using the 
average values of the studied root traits. Under Zn deficiency no traits were significantly 
correlated between the hydroponics and agar plates experiments (Figure 3A, Table S9), 
suggesting that the results from these experiments cannot be very well compared. However, 
under Zn sufficiency conditions many root traits were significantly correlated between the 
cultivation methods (Figure 3B, Table S9), which means it is not the cultivation medium itself 
that caused the difference between Zn deficient hydroponics and agar, but the response to Zn 
deficiency. 
 
 
 
Zn deficiency 
 
Zn sufficiency 
 
 
Figure 3: Correlation wheels showing significant correlations between root traits (root total 
length – RTL; root surface area – RSA; root average diameter – RAD; root dry weight – 
RDW and number of lateral roots – NLR of plants grown hydroponically (hyd) and on 
vertical agar plates (ap). Correlations were calculated based on the trait averages of 20 A. 
thaliana accessions and are presented for the Zn deficiency (A) and sufficiency (B) treatments 
separately. Positive correlations are represented by solid lines; negative correlations are 
represented by dashed lines. Thick lines indicate P < 0.01, thin lines indicate P <0.05. 
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By exposing plants to Zn deficiency we expected that the concentration of other elements 
would also be affected. Thus, in our next step we obtained a general view of the variation in 
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expected, it revealed that plants general mineral homeostasis machinery responds differently 
when plants are exposed to two levels of Zn deficiency. The concentrations of B, Na, Cu, and 
Mo were significantly different between the Zn deficiency and sufficiency treatments in both 
severe and mild Zn deficiency experiments (Figure 5). Mg, P, S, K, and Mn were significantly 
different between the Zn deficiency and sufficiency treatments exclusively in the mild Zn 
deficiency experiment. Fe and Zn were significantly different between the Zn deficiency and 
sufficiency treatments exclusively in the severe Zn deficiency experiment (Figure 4). We 
observed a strong difference in the concentrations of P, K and S between the Zn sufficiency 
treatments of the severe and mild Zn deficiency experiments. This result may reflect the age 
difference between the plants in these two experiments.  
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Figure 4: Relative change in roots Zn concentration of the twenty A. thaliana accessions 
grown hydroponically under severe (A) and mild Zn deficiency (B) in comparison to their 
respective Zn sufficiency treatments.
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By comparing the treatments in which Zn deficiency was applied in early or later developmental 
stages, we observed that most accessions had their root growth more reduced when exposed 
to Zn deficiency in an early stage rather than in a later stage (Table S5). In addition, roots 
of seedlings exposed to Zn deficiency from germination and at early developmental stages 
showed lower values for RTL, RSA, and NLR when compared to plants exposed later to Zn 
deficiency. Furthermore, in most cases trait values were lower in the Zn deficiency than in 
the Zn sufficiency treatment (Table S5). These results indicate that Zn plays an important role 
in processes occurring during seedling establishment and in the formation of lateral roots.
The relative change in root trait values was calculated based on the results from the treatments 
in which Zn deficiency and Zn sufficiency were applied from germination onwards, named 
here as Zn deficiency and Zn sufficiency treatment, respectively (Figure 2). The percentage 
of change in root trait values in plants grown on agar plates were much higher than the 
relative changes observed for plants grown hydroponically. The accessions Ors-1 and Pa-2 
showed higher tolerance to Zn deficiency in comparison to the other accessions, reflected 
in their low decrease in RTL in response to the Zn deficiency treatment. On the other hand, 
the accessions C24, Kas-2, Hau-0, Mc-0, Per-1 and Shah were more sensitive and had their 
RTL decreased by approximately 90% under Zn deficiency in comparison to Zn sufficient 
conditions (Figure 2 B). Similarly to their growth on hydroponics Pa-2 and Per-1 were also 
among the accessions showing the lowest and highest values, respectively, for relative change 
in RTL and RSA (Figure 1 and 2). Interestingly, Per-1 also had the highest RTL when grown 
under Zn sufficiency conditions both on agar plates and in hydroponics (Table S1 and S5).
Most accessions had the RAD increased in response to the Zn deficiency treatment both 
in plants grown hydroponically and on agar plates (Figure 1 and 2). Relative change in 
the NLR also varied substantially among the accessions. Li-5:2 had the least percentage 
of decrease in the NLR, while Cvi-0, Hau-0, Mc-0 and Var 2-1 showed a strong decrease 
in the NLR under Zn deficiency in comparison to Zn sufficiency conditions (Figure 2). 
These results support our hypothesis that genotypes differ in the ability of maintaining 
the formation of lateral roots when facing Zn deficiency which may be useful for 
further studies investigating the effect of Zn nutrition in the formation of lateral roots.
3.3. Correlations between hydroponically and agar grown plants
To compare the two plant cultivation methods, we performed a correlation analysis using the 
average values of the studied root traits. Under Zn deficiency no traits were significantly correlated 
between the hydroponics and agar plates experiments (Figure 3A, Table S9), suggesting 
that the results from these experiments cannot be very well compared. However, under Zn 
sufficiency conditions many root traits were significantly correlated between the cultivation 
methods (Figure 3B, Table S9), which means it is not the cultivation medium itself that caused 
the difference between Zn deficient hydroponics and agar, but the response to Zn deficiency.
3.4. Root elements analysis
Knowing about the large natural variation for root growth and morphology traits we 
decided to investigate the variation in root Zn concentration in plants grown hydroponically 
under severe (no Zn added) and mild (0.05µM ZnSO
4
) Zn deficiency and their respective 
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Zn sufficiency (2µM ZnSO
4
) treatments. When exposed to severe Zn deficiency, accessions 
had a significant reduction in the root Zn concentration relative to the Zn sufficiency 
treatment (Figure 4, Table S10). The accessions Pa-2 and Cvi-0 had the lowest percentage 
of decrease in root Zn concentration under severe Zn deficiency. These accessions also 
had very low Zn concentrations in comparison to the other accessions under Zn sufficiency 
conditions, which may explain the lower decrease in root Zn concentration observed. 
The other accessions showed a strong reduction in root Zn concentration of around 90%.
When exposed to mild Zn deficiency most accessions did not show a strong reduction in 
root Zn concentration, although we observed a significant treatment effect for root Zn 
concentration (Figure 4B, Table S4). Interestingly, the accessions Hau-0, Mc-0 and Mt-0, 
among others, had increased root Zn concentrations under mild Zn deficiency relative to 
the Zn sufficiency treatment (Figure 4B). On the other hand, Col-0, Bur-0 and Var2-1 had 
the strongest decrease in root Zn concentration under mild Zn deficiency relative to the Zn 
sufficiency treatment in comparison to the other accessions. Var2-1 also showed the highest 
Zn concentration in roots under both Zn sufficiency treatments from the severe and mild Zn 
deficiency experiments (Table S10). The accessions Mt-0 and Mc-0 had high to very high root 
Zn concentrations in the different treatments used in this study. These results indicate that 
the mild Zn deficiency treatment did not have a strong effect on the root Zn concentration 
of the plants grown hydroponically. Moreover, it suggests that accessions may differ for 
the optimal Zn concentration needed to maintain growth and in their Zn uptake capacity.
By exposing plants to Zn deficiency we expected that the concentration of other elements 
would also be affected. Thus, in our next step we obtained a general view of the variation in 
the root concentration of the several elements measured across the treatments by pooling 
all accessions and calculating average values for each element and treatment separately. 
As expected, it revealed that plants general mineral homeostasis machinery responds 
differently when plants are exposed to two levels of Zn deficiency. The concentrations of 
B, Na, Cu, and Mo were significantly different between the Zn deficiency and sufficiency 
treatments in both severe and mild Zn deficiency experiments (Figure 5). Mg, P, S, K, and 
Mn were significantly different between the Zn deficiency and sufficiency treatments 
exclusively in the mild Zn deficiency experiment. Fe and Zn were significantly different 
between the Zn deficiency and sufficiency treatments exclusively in the severe Zn deficiency 
experiment (Figure 4). We observed a strong difference in the concentrations of P, K and S 
between the Zn sufficiency treatments of the severe and mild Zn deficiency experiments. 
This result may reflect the age difference between the plants in these two experiments.
3.5. Correlation between root elements and principal component analysis
We calculated Pearson correlation coefficients for all measured elements in order to 
identify groups of elements which had similar changes in their homeostasis in response 
to the Zn deficiency treatments (Figure 6, Table S12). In all treatments mainly positive 
significant correlations were observed. Correlations among elements in roots appear to 
be highly variable between treatments. In the Zn sufficiency treatment of both severe and 
mild Zn deficiency experiments, Zn was positively correlated with Na, Mg, P, S and Ca in 
root (Figure 6 B and D). In the severe Zn deficiency treatment Zn was positively correlated 
with Mo, Cd, Na, Mg, P, S, K, Ca, Mn and Cu (Figure 6 A), while in the mild Zn deficiency 
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Figure 5: Box-plots comparing element concentrations in roots of the twenty A. thaliana 
accessions grown hydroponically under severe and mild Zn deficiency (-Zn) and their 
respective Zn sufficiency (+Zn) treatments. For each concentration the box represents the 
interquartile range (IQR), the bisecting line represents the median, the whiskers represent 1.5 
times the IQR and the dots represent outliers points. Lower case letters denote statistically 
different groups when comparing the four treatments using a one-way ANOVA with groupings 
by Tukey’s honestly significant difference (HSD) test using a 95% confidence interval, p-
values are shown in Table S11. For every treatment we used 5 plants of each accession 
presenting a total of 100 samples. 
 
Correlation between root elements and principal component analysis 
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Figure 5: Box-plots comparing element concentrations in roots of the twenty A. thaliana 
accessions grown hydroponically under severe and mild Zn deficiency (-Zn) and their 
respective Zn sufficiency (+Zn) treatments. For each con entration the box repres nts the 
interquartile range (IQR), the bisecting line represents the median, the whiskers represent 
1.5 times the IQR and the dots represent outliers points. Lower case letters denote 
statistically different groups when comparing the four treatments using a one-way ANOVA 
with groupings by Tukey’s honestly si nificant differ ce (HSD) test using a 95% confidence 
interval, p-values are shown in Table S11. For every treatment we used 5 plants of each 
accession.
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treatment Zn was positively correlated only with Mo, P and K (Figure 6 D). Previously we 
observed that Mo was among the elements which were significantly different between Zn 
deficiency and sufficiency conditions in both severe and mild Zn deficiency experiments 
(Figure 5). In the Zn sufficiency treatment of the severe Zn deficiency experiment 
Zn was positively correlated with Na, Mg, P and Ca, while in the control of the mild Zn 
deficiency experiment Zn was positively correlated with Mo, Na, Mg, P S, K, and Cu. 
Almost all these elements were also previously identified to have different concentrations 
when comparing the Zn sufficiency and deficiency treatments (Figure 5). Differences 
between the two Zn sufficiency treatments (for the severe and mild Zn deficiency 
experiments) may be due to the age difference between the plants in the two experiments.
Subsequently we determined correlations between the root ionome profiles and root 
growth and morphology traits measured in hydroponically-grown plants (Figure 7, Table 
S13). In general, only positive correlations were observed when considering the data 
from a single treatment. Under severe Zn deficiency we observed significant correlations 
between root growth and morphology traits and concentration of Na, Mg, P, S, K, Ca, Mn, 
Fe, Zn and Mo (Figure 7A), whereas under Zn sufficiency conditions, no correlations were 
found (Figure 7B). This suggests that the changes in root morphology are likely to be due 
to changes in the concentration of Zn and other elements. Under severe Zn deficiency 
most elements were significantly correlated with RTL and RSA; only Mo was positively 
correlated with RDW. Na, Fe, Zn and Mo were significantly correlated with RTL, RSA, and 
RDW and also showed significant differences in concentration between the Zn sufficiency 
and deficiency treatments (Figure 5). No significant correlation was observed between 
element concentrations and RAD in the severe Zn deficiency treatment (Figure 7A). 
A principal component analysis (PCA) was performed using all elements concentrations 
in each treatment separately, aiming to identify elements which could explain part of 
the natural variation observed among the 20 A. thaliana accessions for the root ionome. 
For most treatments the variation in element concentrations among the accessions 
was explained by three principal components (PCs) (Table S14). Unfortunately these 
results were not very instructive, as in all cases the first PC explained nearly all of 
the variation and was composed of almost all elements. Only in the Zn deficiency 
and control treatments of the mild Zn deficiency experiment, Zn was among the 
elements present in PC2, which explained part of the variation among accessions.
Broad sense heritability (H2) values were calculated for the measured traits, estimating the 
contribution of genetic factors to the observed variation in these traits between A. thaliana 
accessions. H2 values were higher for plants grown in the severe and mild Zn deficiency 
treatments than in Zn sufficiency treatments, for most of the analyzed traits (Table 
3). For RDW, RAD and Fe concentration low H2 values were found, meaning that only a 
limited part of the observed variation was due to genetic differences between accessions.
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Figure 6: Correlation wheels showing significant correlations between elements in roots of 
plants grown under the Zn deficient and sufficiency treatments of the mild and severe Zn 
deficiency experiments. Correlations were calculated based on all accession averages for 
each treatment separately. Positive correlations are represented by solid lines; negative 
correlations are represented by dashed lines. Thick lines indicated p value < 0.01, thin lines 
indicate p value < 0.05. Ions with a measurement value close to the limit of detection (blank 
value x10) are coloured in light grey. The following elements were not added to the nutrient 
solution: Cd, Sr, Li, Co, Ni, As, Se, and Rb and their correlations are not shown. 
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Figure 6: Correlation wheels showing significant correlations between elements in roots of 
plants grown under the Zn deficient and sufficiency treatments of the mild and severe Zn 
deficiency experiments. Correlations were calculated based on all accession averages for 
each treatment separately. Positive correlations are represented by solid lines; negative 
correlations are represented by dashed lines. Thick lines indicated p value < 0.01, thin 
lines indicate p value < 0.05. Ions with a measurement value close to the limit of detection 
(blank value x10) are coloured in light grey. The following elements were not added to the 
nutrient solution: Cd, Sr, Li, Co, Ni, As, Se, and Rb and their correlations are not show .
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4. Discussion
Large variation was observed between the studied A. thaliana accessions for root system 
architecture traits and Zn concentration. Accessions exposed to severe Zn deficiency had Zn 
concentrations varying between 25-70 ppm in roots, which is slightly higher than the minimum 
Zn concentration of 15-20 ppm suggested by Marschner (1995) as required for plants to grow. 
In addition, when compared to the Zn concentration in shoots of these twenty accessions Zn 
concentration in roots is still higher (Chapter 2). Similarly to our findings in shoot (Chapter 
2), accessions’ roots had a larger variation for biomass than Zn concentration. This indicates 
that variation in the minimum Zn concentration required for growth between accessions 
underlies differences in Zn deficiency tolerance at the root level. In addition to our findings 
several mechanisms at the root level have been previously demonstrated to be involved in 
tolerance of plants to Zn deficiency. For example: the ability of plants to modify root system 
architecture and scavenge for nutrients in a larger soil area, to solubilise the non-available 
Zn present in the soil, using and distributing Zn more efficiently within the plant and to 
resist the increased levels of reactive oxygen species (ROS) formed under stress conditions 
(Cakmak et al., 1996;Cakmak, 2000;Rengel, 2001;Gao et al., 2005;Genc et al., 2006;Hoffland 
et al., 2006;Wissuwa et al., 2006;Chen et al., 2009;Impa et al., 2013a;Impa et al., 2013b).
Our results also points out that variation in Zn uptake capacity and formation of lateral 
roots contribute to differences in Zn deficiency tolerance between A. thaliana accessions. 
Differences in RTL were found to be correlated to differences in Zn concentration under 
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Subsequently we determined correlations between the root ionome profiles and root growth 
and morphology traits measured in hydroponically-grown plants (Figure 7, Table S13). In 
general, only positive correlations were observed when considering the data from a single 
treatment. Under severe Zn deficiency we observed significant correlations between root 
growth and morphology traits and concentration of Na, Mg, P, S, K, Ca, Mn, Fe, Zn and Mo 
(Figure 7A), whereas under Zn sufficiency conditions, no correlations were found (Figure 
7B). This suggests that the changes in root morphology are likely to be due to changes in the 
concentration of Zn and other elements. Under severe Zn deficiency most elements were 
significantly correlated with RTL and RSA; only Mo was positively correlated with RDW. 
Na, Fe, Zn and Mo were significantly correlated with RTL, RSA, and RDW and also showed 
significant differences in concentration between the Zn sufficiency and deficiency treatments 
(Figure 5). No significant correlation was observed between element concentrations and RAD 
in the severe Zn deficiency treatment (Figure 7A). 
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Figure 7: Correlation wheels showing significant correlations between root element 
concentrations and root traits (RDW – Root Dry Weight, RTL – Root Total Length, RSA – 
Root Surface Area, and RAD – Root Average Diameter) measured in plants grown 
hydroponically under severe Zn deficiency (A) and Zn sufficiency (B) conditions. Correlations 
were calculated based on accession averages and only significant correlations are shown. 
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Figure 7: Correlation wheels showing significant correlations between root element 
concentrations and root traits (RDW – Root Dry Weight, RTL – Root Total Length, RSA 
– Root Surface Area, and RAD – Root Average Diameter) measured in plants grown 
hydroponically under severe Zn deficiency (A) and Zn sufficiency (B) conditions. Correlations 
were calculated based on accession averages and only significant correlations are shown. 
Only positive orrelations were found (s lid lines). Thick lines indic ted p value < 0.01, thi  
lines indicate p value < 0.05.
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Traits Mild
Zn sufficiency
Mild
Zn deficiency
Severe
Zn sufficiency
Severe
Zn deficiency
RDW - - 0.28 0.32
RTL - - 0.68 0.70
RSA - - 0.59 0.61
RAD - - 0.26 0.30
Zn 0.61 0.74 0.49 0.51
Mn 0.56 0.76 0.36 0.79
Fe 0.46 0.40 0.46 0.59
Cu 0.66 0.71 0.60 0.69
Mo 0.59 0.75 0.58 0.65
Cd 0.63 0.53 0.67 0.73
B 0.40 0.46 0.67 0.83
Na 0.52 0.54 0.64 0.57
Mg 0.82 0.74 0.52 0.70
P 0.62 0.71 0.46 0.70
S 0.62 0.61 0.53 0.69
K 0.75 0.66 0.44 0.49
Ca 0.44 0.62 0.55 0.73
Table 3: Broad sense heritability values for root dry weight - RDW (mg); root total length 
– RTL (cm); root surface area - RSA (cm2); root average diameter - RAD (mm) and root 
elements concentration (ppm - µg/g dry weight) of the twenty A. thaliana accessions 
grown hydroponically under Zn deficiency and sufficiency conditions of the severe (31 days 
of growth) and mild Zn deficiency (41 days of growth) experiments.
Zn deficiency, which could indicate a causal relation. Accessions with a lower Zn uptake 
capacity per se, would be expected to have more problems to grow sufficient roots to 
acquire more Zn and support growth, and thus would not be expected to grow much less 
under Zn-limiting conditions. However, this seems to be the case for the accession Pa-2 
which had a small decrease in RTL and Zn concentration under Zn deficiency resulting 
from its low Zn concentration and RTL under Zn sufficiency, instead of a higher ability of 
tolerating low levels of Zn. In addition, our findings indicate that A. thaliana accessions 
differ in the ability to produce lateral roots when exposed to Zn deficiency based on the 
large variation observed for relative change in NLR of plants grown under Zn deficiency 
relative to Zn sufficiency. An effect of Zn deficiency on the formation of lateral roots was 
also shown by Richard et al. (2011). Differences in the NLR and other root architecture 
traits, the localization of Zn uptake proteins in the root, genes proteins levels and 
protein turnover are also among the factors which may cause differences in the Zn 
uptake capacity between plants (Rengel, 2001;Sinclair and Kramer, 2012;Wolf, 2013).
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A. thaliana accessions differed for the effect of Zn deficiency on the growth of roots and 
shoots and their Zn concentrations. Among the accessions considered tolerant to Zn 
deficiency based on the relative change in root biomass and Zn concentration under Zn 
deficiency in comparison to Zn sufficiency were the accessions Cvi-0, Var 2-1 and Pa-2. 
However, as we mentioned before Pa-2’s high tolerance to Zn deficiency seems to be a result 
of its reduced ability of Zn up-take and investment on growth under Zn sufficient conditions 
which results in small reduction in these traits under Zn deficiency. In shoots Pa-2 and C24 
were considered sensitive to Zn deficiency (Chapter 2). Based on the relative decrease in root 
growth and Zn concentration under Zn deficiency Tsu-0, Wag-3 and Per-1 were considered 
more sensitive to Zn deficiency in comparison to the other accessions. These accessions had 
a strong decrease in both root biomass and Zn concentration in response to the Zn deficiency 
treatment. In contrary to our findings in roots, Tsu-0 was among the accessions with a high 
tolerance to Zn deficiency in shoots (Chapter 2). These findings indicate that accessions 
differ for the biomass allocation in roots and shoots in response to the Zn deficiency stress. 
Hermans et al.(2006) described that in plants exposed to P and N deficiency biomass was 
not always allocated to the roots as would be expected under nutrient deficiency conditions.
The exposure of plants to low Zn followed by a re-supply with sufficient Zn, as we did in 
the agar plate experiments, may have  induced a phenomenon previously described as ‘Zn 
shock’ in yeast (MacDiarmid et al., 2003). In our agar plates experiment plants grown under 
Zn deficiency and subsequently transferred to Zn sufficiency had a stronger reduction in 
all root traits in comparison to plants grown first under sufficient Zn and transferred to 
Zn deficiency. The ‘Zn shock’ occurs when Zn limited yeast cells are re-supplied with 
Zn. This results in the rapid accumulation of large quantities of free Zn in the cytoplasm 
due to the high expression of Zn uptake transporters under Zn deficiency. Excess Zn will 
be rapidly transported into the vacuoles by the ZRC1 and COT1 transporters in order to 
avoid accumulation of Zn to toxic concentrations in the cytoplasm. However, if such is 
not successful though, Zn toxicity will occur, leading to the ‘Zn shock’. Evidence of such 
mechanism in plants was first shown by Kawachi et al. (2009) in A. thaliana mutants lacking 
the vacuolar membrane Zn transporter MTP1, the homologue of the yeast ZRC1 and 
COT1 proteins (Dräger et al., 2004;Kim et al., 2004). In our study, seedlings exposed to Zn 
deficiency before transfer to Zn sufficiency conditions may have experienced a Zn shock. 
As a result, these seedlings would be affected by the toxic levels of Zn leading to a stronger 
decrease in root growth. An alternative explanation is that the exposure of seedlings to Zn 
deficiency at early development stages resulted in irreversible damage of the root meristem 
cells, which was not easily overcome upon sufficient Zn supply. Other studies have shown 
that meristem cells need a relatively high Zn supply, illustrating the crucial role of Zn in highly 
metabolic and differentiating cells (Cakmak, 2000), probably to avoid the production of ROS, 
as found to occur under Zn deficiency conditions (Reichheld et al., 1999;Cakmak, 2000). 
Plants grown under Zn sufficiency may be able to store Zn in the vacuoles and complexed 
with molecules while growing under Zn sufficient conditions and remobilize these 
reserves when transferred to Zn deficiency conditions. In support to this hypothesis 
in the agar plates experiment we did not observe large differences in root growth 
and morphology traits between plants exposed to Zn sufficiency since germination 
and plants grown under Zn sufficiency and transferred to Zn deficiency. Other studies 
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have shown that under Zn sufficiency conditions most part of the cytosolic free Zn2+ 
is compartmentalized into cytoplasmic organelles (Broadley et al., 2007) or bind to low-
molecular-weight chelators (histidine, nicotianamine, glutathione and phytochelatins), 
organic acids (malate, citrate and oxalate), phosphate, phytate and pectates (Sinclair 
and Krämer, 2012). In addition, the vacuole is known as the main site for Zn storage and 
detoxification when plants are exposed to toxic Zn levels and remobilization when plants 
are exposed to Zn deficiency conditions (Broadley et al., 2007;Sinclair and Krämer, 2012).
In our study we also show that changes in the root system architecture in response to 
Zn deficiency are reflected in the root ionome. Forde and Lorenzo (2001) described 
how the nutrient supply can affect the root architecture directly, through changes in 
elemental concentrations in the substrate, or indirectly, through changes in the plants 
internal elemental concentrations. Furthermore, Gruber et al. (2013) and Jain et al. (2013) 
demonstrated that plant roots display a large variation in their architecture and in the 
concentration of elements they accumulate, in response to different nutrient deficiencies. 
In our study plants grown hydroponically under severe Zn deficiency have shown a positive 
correlation between roots system architecture traits and the concentrations of Zn and 
other elements. This indicates that changes in the concentration of other elements than 
Zn may have contributed to the observed differences in root growth and morphology 
observed between the Zn deficiency and sufficiency treatments. However, we found that 
the decreased concentrations of Fe, P and S and the increased Na concentration observed 
were not high or low enough to cause deficiency or toxicity based on a comparison with 
other studies using A. thaliana plants grown under low or high concentrations of these 
elements (Jha et al., 2010;Gruber et al., 2013). These findings indicate that changes in 
root morphology we observed were indeed caused by the low Zn supply to the plants.
In addition, we found that the Zn concentration was correlated with other element 
concentrations under different levels of Zn nutrition which reflects the cross-talk between 
the homeostasis of Zn and other elements in A. thaliana. Jain et al. (2013) also showed that 
there is a cross-talk between the homeostasis signaling pathway of Zn and other micro- 
and macro-elements based on the differential expression of a subset of genes involved in 
the homeostasis of Fe and phosphate (Pi) in the A. thaliana accession Col-0. Contrary to 
other studies we observed a reduced concentration of Fe in roots of plants grown under 
severe Zn deficiency compared to Zn sufficiency. Other studies reported an increase 
(Gruber et al., 2013) or no change in Fe concentration (Ghandilyan et al., 2012;Jain et al., 
2013) under low Zn conditions in A. thaliana roots and shoots. In accordance with these 
studies shoots of plants grown under severe Zn deficiency had high Fe concentrations in 
comparison to plants grown under Zn sufficiency (Chapter 2). The increased concentration 
of Fe in plants exposed to Zn deficiency results from the enhanced expression of Zn 
transmembrane transporters under Zn deficiency which can also transport other elements 
besides Zn (Eide et al., 1996;Grotz et al., 1998;Connolly, 2002;Wintz et al., 2003;Lin et al., 
2009;Milner et al., 2013;Shanmugam et al., 2013). Based on this information one possible 
explanation for the reduced Fe concentration in roots of plants exposed to Zn deficiency 
is the strong down-regulation of Fe uptake genes and up-regulation of genes involved in 
the root-to-shoot Fe transport in Zn deficient plants. This mechanism could result in what 
we observed in this study; low Fe concentrations in roots while shoots have higher Fe 
concentrations in plants grown under severe Zn deficiency in comparison to Zn sufficiency.
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Finally, by analyzing the correlations between the root traits studied in plants grown 
hydroponically and on agar plates we found that upon sufficient Zn supply most of the root 
traits were correlated when comparing both growth systems. This suggests that basically 
both systems are comparable with respect to root system architecture traits. However, the 
correlations were lost when comparing the Zn deficiency treatments. Such could reflect 
differences in Zn (bio) – availability, between the two growth systems, perhaps due to 
differences in buffering the ions availability and ion-exchange capacities, which was found 
before to affect root phenotypes (Tennstedt et al., 2009). In agar culture the ions diffusion 
rate can decrease by about 30% due to the immobilization of salts in the gel (Scholten and 
Pierik, 1998;Jain et al., 2009). In this respect it is also important to note that for Cu, Lequeux 
et al. (2010) observed that in hydroponic medium, plants displayed Cu toxicity symptoms 
at a Cu2+ concentration that was10 times lower than the concentration which provoked 
similar symptoms in agar plates. This was mainly attributed to differences in the cation 
exchange capacity between the two growth systems which will have a similar effect on Zn 
availability. In line with this, we observed that all root traits were much more affected when 
accessions were grown on agar plates when compared to hydroponics. In addition, the 
Zn deficiency symptoms were already evident in plants grown for 2 weeks on agar plates, 
while plants grown in the hydroponics system first showed symptoms after 4 to 5 weeks.
5. Conclusion
Substantial natural variation was observed for root growth and morphology traits as well 
as for the root ionome. As expected Zn deficiency caused a reduction in root growth 
mainly reflected in the traits RTL, RSA, NLR, and root Zn concentration. Zn deficiency 
tolerance seems to be related to differences between the accessions minimum Zn 
concentration required for growth, Zn uptake capacity and ability to maintain root growth 
and formation of lateral roots under Zn deficiency. The strong reduction in growth of A. 
thaliana plants exposed to Zn deficiency in early developmental stages followed by 
transference to Zn sufficiency seems to be caused by the induction of Zn toxicity state 
know as Zn shock. The homeostasis of different elements in roots is affected according to 
the strength of the Zn deficiency treatment. Cultivation systems were comparable under 
Zn sufficiency conditions while under Zn deficiency differences in ion exchange capacity 
and buffering results in different Zn deficiency related phenotypes in roots. Finally, this 
study provides interesting starting material for future genetic studies using contrasting 
A. thaliana accessions for Zn deficiency tolerance. Among the A. thaliana accessions 
considered tolerant to Zn deficiency at the root level are Pa-2, Cvi-0 and Var 2-1, whereas 
among the ones considered sensitive to Zn deficiency are Wag-3, Tsu-0 and Per-1.
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Trait Treatment Accession Treatment * Accession
RDW (mg) F
1,1
 = 64.416, P = 0.000 F
1,19
 = 4.491, P = 0.000 F
1,19
 = 2.038, P = 0.007
Root [Zn] F
1,1
 = 946.526, P = 0.000 F
1,19
 = 3.963, P = 0.000 F
1,19
 = 3.483, P = 0.000
RTL F
1,1
 = 102.059, P = 0.000 F
1,19
 = 14.029, P = 0.000 F
1,19
 = 2.442, P = 0.001
RSA F
1,1
 = 45.139, P = 0.000 F
1,19
 = 8.297, P = 0.000 F
1,19
 = 2.821, P = 0.000
RAD F
1,1
 = 7.164, P = 0.008 F
1,19
 = 1.739, P = 0.035 F
1,19
 = 1.466, P = 0.104
Root [Zn] Severe F
1,1
 = 946.526, P = 0.000 F
1,19
 = 3.963, P = 0.000 F
1,19
 = 3.483, P = 0.000
Root [Zn] Mild F
1,1
 = 16.731, P = 0.000 F
1,19
 = 6.026, P = 0.000 F
1,19
 = 10.198, P = 0.000
Table S2: Results of the two-way ANOVA analysis performed for root dry weight (RDW), 
root Zn concentration (root [Zn]), root total length (RTL), root surface area (RSA) and root 
average diameter (RAD) to test for significant differences between treatments, accessions 
and the interaction between treatments and accessions, with a cut-off for significance of P 
< 0.05.
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Trait Accession
Change in RDW F
1,19
 = 5.396, P = 0.000
Change in RTL F
1,19
 = 5.410, P = 0.000
Change in RSA F
1,19
 = 6.995, P = 0.000
Change in RAD F
1,19
 = 1.891, P = 0.026
Change in root [Zn] Severe F
1,19
 = 7.371, P = 0.000
Change in root [Zn] Mild F
1,19
 = 13.197, P = 0.000
Table S4: Results of the one-way ANOVA analysis performed for relative change in root 
dry weight (RDW), root Zn concentration (root [Zn]), root total length (RTL), root surface 
area (RSA) and root average diameter (RAD) to test for significant differences between 
accessions, with a cut-off for significance of p < 0.05.
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Trait Treatment Accession Treatment * Accession
RTL F
1,3
 = 453.265, P = 0.000 F
1,19
 = 73.842, P = 0.000 F
1,57
 = 13.781, P = 0.000
RSA F
1,3
 = 441.464, P = 0.000 F
1,19
 = 69.354, P = 0.000 F
1,57
 = 12.303, P = 0.000
RAD F
1,3
 = 6.007, P = 0.001 F
1,19
 = 33.456, P = 0.000 F
1,57
 = 2.913, P = 0.000
NLR F
1,3
 = 654.822, P = 0.000 F
1,19
 = 60.150, P = 0.000 F
1,57
 = 10.594, P = 0.000
Table S6: Results of the two-way ANOVA analysis performed for root total length (RTL), 
root surface area (RSA), root average diameter and number of lateral roots (NLR) of the 
twenty A. thaliana accessions grown on vertical agar plates under Zn sufficiency and Zn 
deficiency conditions to test for significant differences between treatments, accessions and 
the interaction between treatments and accessions, with a cut-off for significance of 
P < 0.05.
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Trait Accession
Rel. change RTL F
1,19
 = 13.068, P = 0.000
Rel. change RSA F
1,19
 = 11.324, P = 0.000
Rel. change RAD F
1,19
 = 2.986, P = 0.002
Rel. change NLR F
1,19
 = 10.613, P = 0.000
Table S8: Results of the one-way ANOVA analysis performed for relative change in root 
total length (RTL), root surface area (RSA), root average diameter (RAD) and number of 
lateral roots (NLR) of the twenty A. thaliana accessions grown on vertical agar plates 
under Zn sufficiency and deficiency conditions to test for significant differences between 
accessions, with a cut-off for significance of P < 0.05.
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Accession Experiment Treat Zn SE Sign.class Treat Zn SE Sign. class
Col-0 Severe Control 384.1 21.1 a,b,c Zn Def. 44.7 3.0 a,b,c,d
Bur-0 Severe Control 451.9 40.6 b,c Zn Def. 51.8 3.2 b,c,d
Cvi-0 Severe Control 262.6 45.2 a,b Zn Def. 56.7 8.6 b,c,d
Ler-1 Severe Control 411.6 42.3 b,c Zn Def. 63.7 6.0 c,d
Var 2-1 Severe Control 609.3 82.8 c Zn Def. 61.6 9.8 b,c,d
Can-0 Severe Control 339.7 34.0 a,b,c Zn Def. 53.0 7.3 b,c,d
Ge-0 Severe Control 334.2 29.5 a,b,c Zn Def. 46.1 4.6 a,b,c,d
Li-5:2 Severe Control 338.1 35.1 a,b,c Zn Def. 54.6 5.4 b,c,d
Pa-2 Severe Control 252.4 37.1 a,b Zn Def. 59.1 4.9 b,c,d
Ors-1 Severe Control 351.4 23.9 a,b,c Zn Def. 37.0 3.5 a,b,c
Wag-3 Severe Control 326.0 48.4 a,b,c Zn Def. 40.0 2.5 a,b,c,d
Bor-4 Severe Control 211.5 30.4 a Zn Def. 33.5 3.2 a,b
Kas-2 Severe Control 446.5 71.2 b,c Zn Def. 39.2 4.3 a,b,c,d
Shah Severe Control 442.5 29.7 b,c Zn Def. 37.8 10.0 a,b,c
Mt-0 Severe Control 527.8 111.0 c Zn Def. 45.3 6.5 a,b,c,d
Hau-0 Severe Control 366.3 40.7 a,b,c Zn Def. 41.6 5.3 a,b,c,d
Mc-0 Severe Control 470.7 65.3 b,c Zn Def. 70.8 3.6 d
Tsu-0 Severe Control 426.7 32.0 b,c Zn Def. 56.3 8.2 b,c,d
Per-1 Severe Control 374.1 26.8 a,b,c Zn Def. 25.4 1.7 a
C24 Severe Control 367.4 4.4 a,b,c Zn Def. 38.1 12.3 a,b,c
Col-0 Mild Control 350.7 91.0 a,b,c,d Zn Def. 114.8 18.7 a
Bur-0 Mild Control 586.3 32.2 d Zn Def. 182.7 36.3 a,b
Cvi-0 Mild Control 417.4 102.9 a,b,c,d Zn Def. 355.7 120.2 b,c
Ler-1 Mild Control 320.0 50.6 a,b,c,d Zn Def. 379.0 61.0 b,c,d
Var 2-1 Mild Control 675.6 106.8 d Zn Def. 318.1 18.4 b,c
Can-0 Mild Control 417.5 40.2 b,c,d Zn Def. 363.0 48.3 b,c,d
Ge-0 Mild Control 419.9 41.4 b,c,d Zn Def. 396.4 41.5 b,c,d
Table S10: Root Zn concentration (in µg/g of dry weight) of the twenty A. thaliana 
accessions grown hydroponically under severe and mild Zn deficiency and their respective 
Zn sufficiency or control treatments. SE represents the standard error for each average 
value. Lower case letters denote statistical difference between accessions. Analyses were 
made using a two-way ANOVA test with groupings by Tukey HSD with a 95% confidence 
interval. n= 5 independent plants per genotype.
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Li-5:2 Mild Control 398.2 43.8 b,c,d Zn Def. 462.0 54.5 c,d
Pa-2 Mild Control 340.7 28.4 a,b,c,d Zn Def. 624.0 87.2 c,d,e
Ors-1 Mild Control 484.3 23.9 c,d Zn Def. 406.1 73.9 b,c,d
Wag-3 Mild Control 461.7 53.9 b,c,d Zn Def. 593.0 54.7 c,d,e
Bor-4 Mild Control 323.8 39.0 a,b,c,d Zn Def. 442.0 70.4 b,c,d
Kas-2 Mild Control 227.5 37.1 a,b,c Zn Def. 313.7 28.9 b,c
Shah Mild Control 156.1 17.5 a Zn Def. 397.0 20.8 b,c,d
Mt-0 Mild Control 293.8 27.7 a,b,c,d Zn Def. 1273.2 278.9 e
Hau-0 Mild Control 203.0 12.3 a,b Zn Def. 565.8 105.3 c,d,e
Mc-0 Mild Control 246.7 23.6 a,b,c Zn Def. 879.2 49.7 d,e
Tsu-0 Mild Control 387.1 31.5 b,c,d Zn Def. 509.9 80.5 c,d,e
Per-1 Mild Control 346.8 51.7 a,b,c,d Zn Def. 318.9 82.6 a,b,c
C24 Mild Control 316.3 29.2 a,b,c,d Zn Def. 293.9 38.6 a,b,c
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Trait Treatment Corrected p value
[B] F
1,3
 = 45.618, P = 0.000 P = 0.000
[Na] F
1,3
 = 47.389, P = 0.000 P = 0.000
[Mg] F
1,3
 = 105.436, P = 0.000 P = 0.000
[P] F
1,3
 = 772.708, P = 0.000 P = 0.000
[S] F
1,3
 = 222.191, P = 0.000 P = 0.000
[K] F
1,3
 = 1031.243, P = 0.000 P = 0.000
[Ca] F
1,3
 = 81.428, P = 0.000 P = 0.000
[Mn] F
1,3
 = 15.976, P = 0.000 P = 0.000
[Fe] F
1,3
 = 404.006, P = 0.000 P = 0.000
[Cu] F
1,3
 = 81.679, P = 0.000 P = 0.000
[Zn] F
1,3
 = 531.836, P = 0.000 P = 0.000
[Mo] F
1,3
 = 32.208, P = 0.000 P = 0.000
[Cd] F
1,3
 = 116.860, P = 0.000 P = 0.000
Table S11: Results of the one-way ANOVA analysis performed for root elements 
concentration log10 transformed values to test for significant differences between 
treatments (Severe Control, Severe Zn deficiency, Mild Control and Mild Zn Deficiency). A 
Benjamini-Hochberg multiple comparisons correction was performed and the corrected P 
values are shown. A cut-off for significance of P < 0.05 was used.
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4. Similar responses at the transcriptional level of three Arabidopsis 
thaliana accessions reveal new processes involved in the early and late 
general response to Zn deficiency
Ana Carolina A. L. Campos; Edouard Severing; Ross Alexander; Mark G. M. Aarts
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Abstract
Zn is an essential micronutrient for plants which acts as a structural component and co-
factor for many proteins. In the wild, plants show natural variation for Zn deficiency 
tolerance due to differences in Zn homeostasis mechanisms. However this resource has 
been little explored so far. For example, the processes involved in the general response to Zn 
deficiency at the transcriptional level have been researched only in the accession Col-0 at a 
single time point. In this study we aimed to identify new genes and processes involved in the 
early and late general response to Zn deficiency in A. thaliana roots and shoots. For this we 
used three A. thaliana accessions with contrasting tolerance to Zn deficiency to investigate 
the changes at the whole genome transcriptional level in root and shoot measured at two 
time-points after exposure to Zn deficiency. Although the three accessions had different 
levels of tolerance to Zn deficiency they showed common responses at the transcriptional 
level, which was our focus in this study. We found that the general biological processes 
altered by Zn deficiency were: carbohydrate metabolism, glucosinolate biosynthesis and 
circadian clock regulation. Accessions early general response to Zn deficiency was stronger 
in roots than in shoots, demonstrated by the up-regulation of Zn deficiency responsive 
genes in roots but not shoots after 4 days exposure to Zn deficiency. In shoots after 12 
days under low Zn the Zn deficiency homeostasis genes NAS2, 3 and 4, YSL3 and HMA2 
were up-regulated. This indicates their role in the accessions general late response to 
Zn deficiency in shoots. In addition, we found three defensin-like genes strongly up-
regulated in roots at both time points studied. This reinforces the involvement of defensin-
like genes in the response to different levels of Zn nutrition shown in previous studies. 
Finally, we identified new candidate genes among the accessions general Zn deficiency 
responsive genes which provide a valuable material for further research in this field.
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1. Introduction
In the genetic model system Arabidopsis thaliana between 1.800 and 2.400 proteins are 
predicted to contain, bind or transport Zn (Broadley et al., 2007;Clemens, 2010). This 
demonstrates the essential role Zn plays in many biological and molecular processes, 
being present in or binding transcription factors and enzymes (Grotz et al., 1998;Krämer 
and Clemens, 2005). Plants exposed to Zn deficiency display a strong inhibition of 
protein synthesis and increased production of reactive oxygen species causing damage 
to membranes, chlorophyll, and enzymes (Sinclair and Kramer, 2012). This results in a 
strong reduction of growth, leaf chlorosis, early senescence and, under severe stress, 
formation of necrotic spots (Marschner, 1995). However, certain plant genotypes 
display a higher tolerance to Zn deficiency and are able to maintain growth under low 
Zn concentrations (Hacisalihoglu and Kochian, 2003). In chapters 2 and 3 we were able 
to identify A. thaliana accessions with contrasting levels of tolerance to Zn deficiency 
in shoots and roots and some of the mechanisms involved in this process. Mechanisms 
underlying Zn deficiency tolerance have also been described by Rengel (2001).
At the molecular level the response to Zn deficiency is hypothesized to start with the 
activation of the transcription factors bZIP19 and 23, which regulate the expression 
of some of the transcripts involved in the first steps of Zn uptake, xylem loading and 
transport; mainly ZIP Zn transporter genes and NICOTIANAMINE SYNTHASE genes 
(Suzuki et al., 1999;Assunção et al., 2010;Assunção et al., 2013). The decreased Zn levels 
will subsequently also induce the up-regulation of other genes such as HMA2, involved 
in Zn xylem loading (Eren and Arguello, 2004;Hussain et al., 2004;Mills et al., 2005) and 
FRD3, involved in root to shoot Zn translocation (Rogers and Guerinot, 2002;Durrett et 
al., 2007;Pineau et al., 2012). In addition, plants induce a Zn economy response by up-
regulating transcripts involved in remobilization of Zn from senescing leaves to the phloem, 
such as YSL3 (Waters et al., 2006;Waters and Grusak, 2008) and the NAS genes, and from 
the vacuoles into the cytoplasm, such as NRAMP4 (Lanquar et al., 2004;Oomen et al., 2009).
Most of the studies describing the changes induced by Zn deficiency at the whole genome 
transcriptional level were limited to only one A. thaliana accession (Col-0) and a single time 
point (Wintz et al., 2003;Talke et al., 2006;van de Mortel et al., 2006;van de Mortel et al., 
2008;Assunção et al., 2010). The general response to Zn deficiency based on more than 
one accession or at different time points after exposure to the stress, at the whole genome 
transcriptional level has not yet been investigated. Several gene expression studies have 
shown that sometimes large differences are found in the response of different accessions to 
stress or other treatments (Delker et al., 2010;Des Marais et al., 2012;Wang et al., 2013c). 
Earlier studies used microarray to investigate the response of the A. thaliana accession Col-
0 to Zn deficiency either after five (Wintz et al., 2003) or seven days after exposure to Zn 
deficiency (van de Mortel et al., 2006;van de Mortel et al., 2008;Assunção et al., 2010).
In this study we used natural variation in Zn deficiency tolerance to identify transcripts which 
are involved in the general response to Zn deficiency using three A. thaliana accessions (Tsu-
0, Pa-2 and Col-0). These accessions were selected as they previously showed differences 
in their tolerance to Zn deficiency (chapter 2). At the shoot level Tsu-0 has a high tolerance 
to Zn deficiency, while Pa-2 is more sensitive (chapter 2). Col-0 was included in the analysis 
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for comparison purposes, as it has been used as the reference accession for many gene 
expression studies in A. thaliana (www.arabidopsis.org). We used RNA sequencing to 
measure the changes in gene expression in shoots and roots at two time points. With this 
we aimed to identify processes and genes which are involved in the general response to Zn 
deficiency in these accessions. In addition, we aimed to identify the general transcriptional 
changes induced after short and long term exposure to Zn deficiency in different tissues.
2. Material and Methods
2.1. Accessions and time point selection
Two A. thaliana accessions were selected based on differences in Zn deficiency tolerance 
at the shoot level (chapter 2). Accession Tsu-0 (CS28780) was considered tolerant to 
Zn deficiency due to its high shoot biomass both under Zn deficiency and sufficiency 
conditions. Accession Pa-2 (CS28595) had high shoot biomass under Zn sufficiency and 
low biomass under Zn deficiency conditions and was considered sensitive to Zn deficiency. 
Col-0 showed an intermediate tolerance to Zn deficiency. We used a transgenic Col-0 line 
stably transformed with a ZIP4promoter::GUS construct (obtained from Ana Assunção; 
unpublished information). This Col-0 line was used to enable monitoring expression of the 
Zn deficiency responsive gene ZIP4 in roots of these plants when exposed to Zn deficiency 
by performing a GUS staining assay using a small piece of root. Plant growth conditions 
were the same as described in chapter 2. The three A. thaliana accessions were grown 
hydroponically for 19 days with sufficient Zn supply (2µM ZnSO
4
). After this period, half of 
the plants were kept to grow under sufficient Zn (2µM ZnSO
4
) and the other half transferred 
to Zn deficiency (0.05µM ZnSO
4
). To obtain a detailed characterization of the accessions 
response to Zn deficiency over time we harvested shoots and roots after 0, 6 and 24 hours, 
4 and 6 days of exposure to Zn deficiency. Three biological replicates of every accession 
were sampled at each harvesting time point (roots and shoots separately) both for the Zn 
sufficiency and deficiency treatments. Each biological replicate consisted of three plants. 
For RNA extraction samples were grinded and stored at -80 oC. Total RNA was extracted 
using the RNeasy Plant Mini Kit (Qiagen®) following the manufacturer’s instructions. 
cDNA was synthesized from 1µg of total RNA using the iScript cDNA synthesis kit from 
BioRad® as per the manufacturer’s instructions. Following synthesis, cDNA was diluted 
to 1/10. Quantitative reverse transcriptase PCRs (qRT-PCRs) were performed in triplicate 
using the iQ SYBR green supermix (BioRad®) in an iQ Real Time PCR machine (BioRad®). 
The expression of the ZIP4 (AT1G10970) and FRD3 (AT3G08040) genes was determined. 
The oligonucleotides used for each gene are shown in table S1. Amplicon lengths 
were between 80 and 120 bp and all primers combinations had at least 95% efficiency. 
Reaction volumes were 10 µL (5 µL SYBR green qPCR mix 300 nm of each primer in 
1 µL and 4 µL of cDNA template). Cycling parameters were 4 minutes at 95 ˚C, then 40 
cycles of 15 seconds at 95 ˚C and 30 seconds at 55 ˚C. Gene expression values were 
normalized to the house-keeping gene Ef1-α (AT1G18070) and relative gene expression 
values comparing Zn deficiency relative to the Zn sufficiency treatment were calculated 
using the 2–ΔΔCT (Livak and Schmittgen, 2001). Based on the results from this experiment 
two harvesting time points were selected to be used in the RNA sequencing experiment.
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2.2. RNA sequencing
Plants were grown as described in Chapter 2. For the RNA sequencing experiment plants 
were initially grown hydroponically for 19 days at sufficient Zn supply (2 µM ZnSO
4
) before 
being transferred to Zn deficient medium (0.05 µM ZnSO
4
) or kept on medium with sufficient 
Zn (2 µM ZnSO
4
). Shoots and roots were harvested at 4 and 12 days after transference to 
the Zn deficiency and sufficiency treatments. At each time point three biological replicates 
of each accession were harvested. One biological replication consisted of three plants 
pooled (shoots and roots separate). Samples were immediately ground in liquid nitrogen 
and stored at -80 °C for RNA extraction. Total RNA was extracted using the RNeasy Plant 
Mini Kit (Qiagen®), following the manufacturer’s instructions. RNA concentration was 
measured with a Qubit and a total 3µg RNA was used for the next steps. The cDNA library 
was prepared according to the Illumina TrueSeq RNA using the cBot and Single Read 
Clustering chemistry V.3 of Illumina (www.illumina.com). Sequencing of 100 nucleotides 
reads plus 6 nucleotides index reads was done using Illumina HiSeq2000 flow-cells.
The Illumina reads of Col-0 and Pa-2 were mapped against the Col-0 genome version 
TAIR10 (www.arabidopsis.org) using TopHat 2 (Kim et al., 2013a) with the following set of 
parameters: minimum intron length 50; maximum intron length 11.000; maximum multi-
hits 1; maximum edit distance 5; maximum number of mismatches 5; pre-filter multi-hits. 
The Illumina reads of Tsu-0 were mapped against the reference genome of Tsu-0 (Gan et al., 
2011) also using TopHat 2 with the same parameters setting. Gene expressions levels (FPKM) 
were determined using Cufflinks 2 (Trapnell et al., 2010). Differential expression analyses 
were performed using the Cuffdif 2 program included in the Cufflinks 2 package. Significant 
difference in gene expression under Zn deficiency relative to the Zn sufficiency treatment 
was set to P-value cutoff level lower or equal to 0.05. Heatmaps were created using the 
heatmap.2 function of gplots package for R (http://www.r-project.org/). Rows in the 
heatmaps were clustered using a hierarchical clustering approach with Euclidian distances.
We used two methods to select sets of genes with a significant change in expression under 
Zn deficiency which reflected the common response to Zn deficiency between the three A. 
thaliana accessions used in this study. First we selected the ‘accessions general Zn deficiency 
responsive genes’ based on transcripts which had a significant fold change in expression 
(p value < 0.05) under Zn deficiency in all the three A. thaliana accessions studied (Col-
0, Tsu-0 and Pa-2). Transcripts up- and down-regulated were considered separated. In the 
second method we selected the ‘accessions core general Zn deficiency responsive genes’ 
correspondent to transcripts present in the ‘accessions general Zn deficiency responsive 
genes’ set with a significant change in expression in both time points studied (4 and 12 
days). For this second set of genes we considered transcripts up- and down-regulated 
together. In order to obtain more information on the biological processes in which the 
genes regulating the accessions common response to Zn deficiency may be involved we 
performed a gene ontology (GO) enrichment analysis for each gene set selected. The GO 
enrichment analysis was performed using the Biomaps software available from the Virtual 
Plant website (http://virtualplant.bio.nyu.edu/cgi-bin/vpweb/) (Katari et al., 2010), using 
the Fischer Exact Test with false discovery rate (FDR) correction and a P-value cutoff of 0.01.
 
100
3. Results and Discussion
3.1. Time points selection
In order to determine which time points would best reflect the processes involved in early 
and late response to Zn deficiency we investigated the expression levels of the genes 
ZIP4 and FRD3 after plants were exposed to Zn deficiency at five different time points. 
The ZIP4 gene encodes a plasma membrane-localized Zn transporter (Grotz et al., 1998). 
ZIP4 expression is strongly up-regulated in both shoots and roots of Zn deficient plants 
early after exposure to Zn deficiency (Talukdar, 2007). FRD3 is also known to be strongly 
up-regulated in roots of Zn deficient A. thaliana plants but at a later stage after exposure 
to Zn deficiency (van de Mortel et al., 2006). The protein encoded by FRD3 mediates the 
efflux of citrate, an Fe and Zn chelator, into the root vasculature and is involved in root 
to shoot Zn translocation (Rogers and Guerinot, 2002;Durrett et al., 2007;Roschzttardtz 
et al., 2011;Pineau et al., 2012). The expression of ZIP4 is directly regulated by the 
transcription factors bZIP19 and bZIP23 through binding to ZDRE cis elements in the 
ZIP4 promoter (Assunção et al., 2010). Unlike ZIP4, FRD3 does not contain such ZDREs 
in its promoter and its transcription is not directly controlled by bZIP19 and bZIP23.
In the time point selection experiment, based on the qRT-PCR analysis we observed that 
ZIP4 expression increases already after 24 hours under Zn deficiency in shoots and roots 
of almost all three accessions (Figure 1A and B, Table S2). Plants kept under Zn sufficiency 
did not change ZIP4 expression (data not shown). In shoots Pa-2 reached the highest 
relative ZIP4 expression level after 6 days of exposure to Zn deficiency in comparison to 
the other accessions. However this result is based on only one replicate. Although, Tsu-0 
did not show a strong increase in ZIP4 expression in shoots at 6 days, it had a transient 
expression peak at 24h and 4 days. On the other hand, in roots at day 6 Tsu-0 showed the 
highest relative transcript level of ZIP4 in comparison to the other accessions (Figure 1 B).
Col-0 and Pa-2 had the highest FRD3 expression levels under Zn deficiency in shoots after 
6 days (Figure 1C and D). However, Tsu-0 showed only a transient increase in expression 
at 6 and 24 h in shoots, which was absent in the other two accessions. In the accessions 
Tsu-0 and Col-0 FRD3 expression level was increased 12-fold in roots after 6 days. Almost 
all accessions had a significant increase in the expression of ZIP4 and FRD3 after 24 hours 
of exposure to Zn deficiency in comparison to the Zn sufficiency treatment (Table S2). 
However, contrary to what we expected the expression levels of both ZIP4 and FRD3 had a 
strong induction in expression only after 4 days and 6 days respectively, with transient peaks 
around 6 and 24 hours. Also previous studies investigating the whole genome transcriptional 
changes induced by Zn deficiency in A. thaliana used plants exposed to low Zn for 5 and 
7 days (Wintz et al., 2003;Talke et al., 2006;van de Mortel et al., 2006;van de Mortel et 
al., 2008;Assunção et al., 2010). Therefore, in order to capture the early and late changes 
induced by Zn deficiency at the transcriptional level we decided to use the time points 4 and 
12 days for the RNA sequencing experiment. Although we did not measure the expression 
level of these genes at the time point 12 days, based on our results we decided that 12 days 
would better represent the late transcriptional changes induced by Zn deficiency than 6 days.
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Figure 1: Relative transcript level (RTL) of ZIP4 and FRD3 in shoots (A and C) and roots 
(B and D) of three A. thaliana accessions with contrasting tolerance to Zn deficiency 
at different time points after plants were transferred to the Zn deficiency treatment. 
Values represent the average gene expression level under Zn deficiency relative to the Zn 
sufficiency treatment. Average values correspond to three biological replicates and error 
bars represent the standard error. Significant differences for the expression levels of ZIP4 
and FRD3 between treatments for each accession and time point are shown in table S2.
3.2. A. thaliana general transcriptional response to Zn deficiency
Based on the RNAseq results we selected genes that showed differential expression 
when comparing the Zn deficiency and sufficiency treatments based on a P value cutoff 
of 0.05. In this study we focused on the accessions general Zn deficiency responsive 
genes selected based on transcripts that shared a similar transcriptional response 
when comparing the three A. thaliana accessions as explained in more detail in the 
material and methods. Figure 2 provides an overview of the number of transcripts 
involved in the response of the three A. thaliana accessions to Zn deficiency, comparing 
roots and shoots and the two different time points after exposure to Zn deficiency. 
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Figure 2: Venn diagrams illustrating the number of significantly differentially expressed 
transcripts (up- or down-regulated) in response to Zn deficiency when compared to the Zn 
sufficiency treatment in the three A. thaliana accessions (Col-0, Tsu-0, and Pa-2). Transcripts 
Figure 2: Venn diagrams illustrating the number of significantly differentially expressed 
transcripts (up- or down-regulated) in response to Zn deficiency when compared to 
the Zn sufficiency treatment in the three A. thaliana accessions (Col-0, Tsu-0, and Pa-
2). Tra scripts differe tially expressed in roots and shoots in the two time points after 
exposure to Zn deficiency are shown separately.
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3.2.1. Early root response to Zn deficiency
After 4 days of exposure to Zn deficiency, a total of 173 transcripts were significantly up-
regulated in roots of all three A. thaliana accessions when compared to the Zn sufficiency 
treatment (Figure 2, Table S3). GO analysis indicated that this set of genes was enriched with 
transcripts involved in response to stimulus, defence response, cell wall organization, ion 
transport, peroxidase activity, glucosinolates and carbohydrate metabolism (biosynthesis 
and catabolism) (Table S4). Among these transcripts were several genes known to be 
involved in Zn deficiency homeostasis, such as ZIP2, 3, 4, 5, 9 and IRT3 which encode Zn 
transmembrane transporters (Grotz et al., 1998;Lin et al., 2009;Milner et al., 2013) and 
FRD3 (van de Mortel et al., 2006) (Table 1). Other genes involved in other ions homeostasis 
present in this gene set were MOT1, which encodes a high affinity Mo transporter localized 
in the mitochondria (Tomatsu et al., 2007;Baxter et al., 2008a), and FRO5, which encodes 
a ferric reductase oxidase involved in Cu reduction and uptake in roots and shoots (Bernal 
et al., 2012). This response may reflect the changes in the Fe concentration in the plants 
roots when exposed to Zn deficiency. Other studies have already demonstrated that 
Fe concentrations increase when plants are exposed to Zn deficiency, due to the strong 
up-regulation of Zn transporters which have the ability of transporting other elements, 
such as Fe (van de Mortel et al., 2006;Gruber et al., 2013;Shanmugam et al., 2013).
The same samples showed 129 transcripts significantly down-regulated under Zn deficiency 
(Figure 2, Table S5). This set was enriched with transcripts involved in hormones mediated 
response to stimulus, glucosinolates and carbohydrate biosynthesis and ion transport (Table 
1 and S6). Among the ion transport transcripts were genes involved in Fe homeostasis, such 
as FRO2 and IRT1 and the transcription factors (TFs) bHLH38, 39, 100 and 101. These TFs 
play an important role under high Zn and low Fe conditions by interacting with the FIT1 
protein which induces the expression of the Fe uptake genes FRO2 and IRT1 (Colangelo and 
Guerinot, 2004;Jakoby et al., 2004;Yuan et al., 2004;Yuan et al., 2008;Wang et al., 2013a). 
FRO2 encodes a ferric chelate reductase which reduces Fe(III) to the more soluble form 
Fe2+ on the external side of the root plasma membrane (Robinson et al., 1999). The gene 
IRT1 encodes a metal ion transporter responsible for the root uptake of Fe2+ into epidermal 
cells (Henriques et al., 2002;Varotto et al., 2002;Vert et al., 2002). Other genes present in 
this set encoded tonoplast transporters involved in the homeostasis of Zn, Fe and other 
micronutrients were: IREG2, MTP3 and ZIF1. IREG2 is involved in Fe-dependent Ni and Co 
sequestration into the vacuole (Schaaf et al., 2006;Morrissey et al., 2009). MTP3 acts in the 
vacuolar sequestration of Zn under conditions of high Zn influx into the roots, such as Fe 
deficiency and Zn excess (Kobae et al., 2004;Desbrosses-Fonrouge et al., 2005;Arrivault et 
al., 2006). ZIF1 transports nicotianamine, which is a major mineral chelator, into the vacuole 
(Haydon et al., 2012). Among the down-regulated genes in roots were also OPT3 and ZIP8. 
OPT3 encodes an oligopeptide transporter which loads Fe into the phloem facilitating its 
redistribution from mature to developing tissues (Mendoza-Cózatl et al., 2014;Zhai et al., 
2014), while ZIP8 encodes another ZIP-type transmembrane transporter, of which little is 
known in terms of mineral transport specificity (Milner et al., 2013). van de Mortel et al. 
(2006) described the up-regulation of ZIP8 in response to high Zn concentrations in roots 
of the A. thaliana accession Col-0. ZIP8 was also differentially expressed in the fit1 mutant 
in comparison to the wild-type A. thaliana (Colangelo and Guerinot, 2004). On the other 
hand, opposite to our findings Jain et al. (2013) reported that ZIP8 is up-regulated in both 
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shoots and roots of A. thaliana plants after seven days of growth under Zn deficiency.
The accessions general response to Zn deficiency at the early time point involved the up-
regulation of genes involved in carbohydrate metabolism (biosynthesis and catabolism) 
(Table S3) and the down-regulation of genes involved in carbohydrate biosynthesis (Table 
S5). Among the carbohydrate biosynthesis transcripts that were down-regulated in roots 
after 4 days was the gene THREHALOSE PHOSPHATASE (TPPH) (Table S5). TPPH encodes a 
threhalose-6-phosphate phosphatase which catalyzes the dephosphorylation of threalose-
6-phosphate (T6P) to the disaccharide threhalose (Cabib and Leloir, 1957). T6P has 
been shown to work as a signaling metabolite and plays a key role in regulating carbon 
assimilation and the sugar status of the plant (Ponnu et al., 2011;Nunes et al., 2013). Lunn et 
al. (2006) demonstrated that the plant levels of T6P reflected its sucrose status. Moreover, 
five genes encoding XYLOGLUCAN ENDOTRANSGLUCOSYLASE/HYDROLASE (XTH12, 13, 14 
and 26) were among the carbohydrate metabolism transcripts up-regulated in roots of the 
three A. thaliana accessions after 4 days (Table S3). Two roles have been proposed for the 
XTHs, (1) cell wall loosening enabling cell expansion and (2) addition of new xyloglucan 
molecules into the cell wall (Rose et al., 2002). We also found the gene SUS1 up-regulated 
in roots at 4 days. This gene encodes a sucrose synthase enzyme which catalyses the 
formation of UDP-glucose and is important for starch and cellulose biosynthesis in A. 
thaliana (Baroja-Fernández et al., 2012). The down-regulation of TPPH and up-regulation 
of XTHs and SUS1 in roots may indicate that in early stages after exposure to Zn deficiency 
plants induce changes in carbohydrate metabolism which may affect root growth.
We also found transcriptional changes in genes affecting glucosinolate metabolism. 
Glucosinolates are secondary metabolites which play a role in plants defense against 
herbivores and pathogens infection and are very abundant in species of the Brassicaceae 
family (Bones and Rossiter, 1996;van Dam et al., 2009). Genes involved in indole-
glucosinolate catabolism were up-regulated (Table S3) while genes involved in glucosinolate 
biosynthesis in general were down-regulated (Table S5). In the hyperaccumulator species 
Noccea caerulescens glucosinolates concentration increased upon exposure to high Zn, 
while in roots it decreased, possibly as a result of the increased metal concentration in 
tissues of this plant which can act itself in inhibiting herbivory (Tolrà et al., 2001;Noret et 
al., 2007). Herbette et al. (2006) also observed the decrease in expression level of genes 
involved in glucosinolates biosynthesis in A. thaliana plants exposed to high Cd. These 
authors proposed that because glucosinolates are rich in sulphur, when exposed to high 
Cd concentrations, plants prioritize the use of sulphur to produce phytochelatins which 
can bind Cd and help with preventing its toxic effect. On the other hand, van de Mortel 
et al. (2008) observed the up-regulation of two genes (MYB28 and CYP83A1) involved 
in glucosinolates biosynthesis in roots of A. thaliana plants exposed to Zn deficiency 
and high Cd. However, the down-regulation of transcripts involved in glucosinolates 
biosynthesis in A. thaliana in response to Zn deficiency has never been shown before. 
Further studies will be needed to elucidate the mechanism underlying this response.
3.2.2. Late root response to Zn deficiency
After 12 days 69 transcripts were significantly up-regulated in response to Zn deficiency in 
roots of all three A. thaliana accessions (Figure 2, Table S7). Transcripts in this set were involved 
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in cellular ketone, L-serine metabolism and ion transport (Table S8). Similarly to 4 days, we 
found several genes encoding Zn transmembrane transporters in this set (Table 2). Among 
these were: ZIP1, 3, 4, 5, 9, 12, IRT3, FRD3 and MTP2 previously demonstrated to be induced 
in response to Zn deficiency (Grotz et al., 1998;Wintz et al., 2003;Drager et al., 2004;Arrivault 
et al., 2006;van de Mortel et al., 2006;Lin et al., 2009;Assunção et al., 2010). The late root 
response to Zn deficiency also included the expression of NICOTIANAMINE SYNTHASE genes 
NAS2, 3 and 4 and HMA2. HMA2 encodes a plasma membrane transporter involved in loading 
Zn into the xylem by exporting it from adjacent root cells (Eren and Arguello, 2004;Hussain et 
al., 2004;Sinclair et al., 2007;Wong et al., 2009). A. thaliana has four NAS genes. NAS catalyses 
the last step of the nicotianamine (NA) synthesis. NA is able to chelate Zn and other metals 
forming metal-NA complexes, which can be transported through the phloem or xylem (Suzuki 
et al., 1999;Takahashi et al., 2003;Curie et al., 2009;Klatte et al., 2009;Haydon et al., 2012).
In the same samples, 40 transcripts were down-regulated upon Zn deficiency (Figure 2, 
Table S9). Based on the GO analysis the overrepresented biological processes associated 
with this set of transcripts were: response to Cu and Fe ion, cellular response to oxygen 
radical, response to hypoxia and anaerobic respiration (Table S10). Among Cu and Fe 
responsive transcripts were the genes FRO5 and COPT2. COPT2 is a high affinity Cu 
transmembrane transporter involved in Cu acquisition and distribution (Perea-Garcia 
et al., 2013), while FRO5 is thought to be a copper reductase (Bernal et al., 2012). Both 
genes have previously been described to be up-regulated in response to Fe and Cu 
deficiency (Bernal et al., 2012;Perea-Garcia et al., 2013), suggesting that Zn deficiency 
(indirectly) enhances Fe and Cu uptake through other ways than FRO5 and COPT2. 
After 12 days of Zn deficiency exposure the accessions response to oxidative stress in 
roots appears to be reduced, indicated by the transcriptional down-regulation of the Cu/
Zn superoxide dismutase genes CSD1 and CSD2. These genes encode proteins that protect 
plants against oxidative stress by catalysing the conversion of the reactive oxygen species 
(ROS) superoxide anion radical (O
2
-) to O
2
 and H
2
O
2
. Expression of these genes is controlled 
by the micro RNA 398 (Delledonne et al., 2001;Sunkar et al., 2006). These proteins both 
need Zn and Cu to function; Zn is part of the protein structure while Cu binds directly to 
the metallocenter enabling the catalysis reaction. CSD1 is predicted to be localized in the 
cytoplasm and CSD2 in the chloroplast (Krämer and Clemens, 2005). The down-regulation 
of CSD1 and 2 in response to Zn deficiency has also been shown in other studies using A. 
thaliana (Wintz et al., 2003;van de Mortel et al., 2006). We also found the gene CA2 down-
regulated in roots and shoots of the three A. thaliana accessions after 4 days under Zn 
deficiency. CA2 encodes a carbonic anhydrase enzyme which needs Zn as a co-factor and is 
important for photosynthesis (Li et al., 2013). These findings may indicate that the down-
regulation of the Cu/Zn superoxide dismutases and CA2 is part of a Zn economy mechanism 
in which under low Zn conditions Zn is remobilized from less essential Zn containing 
proteins to be used in more essential functions, such as transcription (Choi and Bird, 2014).
3.2.3. Early shoot response to Zn deficiency
Upon 4 days exposure to Zn deficiency, 121 transcripts were up-regulated in shoots of 
the three A. thaliana accessions (Figure 2, Table S11). The range of fold changes of the 
transcriptional up-regulation was much less wide than for early root responsive genes, 
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indicating that after 4 days, shoots did not appear to be much affected by Zn deficiency. 
The biological processes overrepresented in this set of genes were: starch catabolism, 
response to gibberellin and water deprivation (Table S12). Most affected was the stress 
responsive gene AT1G56300 encoding a heat shock protein. In this set we also found the 
genes IRT3 and PAP27 previously shown to be up-regulated in response to Zn deficiency 
(Table 3) (van de Mortel et al., 2006;Assunção et al., 2010). However, so far only IRT3 
has been functionally characterized as Zn transmembrane transporter (Lin et al., 2009). 
PAP27 encodes purple acid phosphate protein member of the metallo-phosphoesterases 
serine/threonine and its role in Zn homeostasis is not known (Li et al., 2002).
As in roots, changes in expression of genes involved in carbohydrate metabolism were 
observed. Genes regulating starch catabolism were up-regulated in shoots while in roots 
genes involved in carbohydrate metabolism were up-regulated and genes involved in 
carbohydrate biosynthesis were down-regulated. Among the genes involved in starch 
catabolism up-regulated in shoots at 4 days were ISA3, SEX4 and AMY3 shown to be essential 
for starch breakdown in leafs during the night (Delatte et al., 2005;Seung et al., 2013;Silver 
et al., 2013). The differential regulation of these genes in shoots and roots may indicate that 
in the early stages after exposure to Zn deficiency, plants increase the carbohydrate flow 
to the roots in order to promote their growth. The response to nutrient deficiencies with 
alterations in biomass allocation between root and shoot have been shown for nitrogen 
and phosphorus in other studies (as for a detailed review see Hermans et al. (2006)).
We found 71 transcripts significantly down-regulated in shoots of the three A. thaliana 
accessions after 4 days of exposure to Zn deficiency (Figure 2, Table 3 and S13). Genes involved 
in sequence specific DNA binding transcription were overrepresented in this set. Among 
these genes were members of the C2C2-Co-like TF family (Table S14), known to regulate the 
plant circadian clock and controls meristem identity (Griffiths et al., 2003). This family of TFs is 
composed by many Zn finger proteins which need Zn for their proper functioning. The down-
regulation of these TFs may indicate that they are one of the target molecules which have their 
regulation changed when the plant faces Zn deficiency and needs to switch to a Zn saving mode.
Similar as in roots, Fe deficiency responsive genes such as BHLH038, 39 and OPT3 were 
down-regulated in shoots, as well as other Fe homeostasis genes like FRO3 and NAS4. FRO3 
encodes a ferric reductase oxidase up-regulated under Cu and Fe deficiency in vascular 
tissues, and therefore hypothesized to be involved in Fe loading in the xylem or phloem 
(Mukherjee et al., 2006;Wu et al., 2007;Jeong and Connolly, 2009). Since NAS4 was up-
regulated in roots, its down-regulation in shoots was unexpected. It may indicate that 
the induction of these genes by the Zn deficiency treatment occurs only upon prolonged 
Zn deficiency. This hypothesis is supported by the role of the NA-metal complexes in 
the redistribution of Zn between tissues through the phloem (Takahashi et al., 2003).
3.2.4. Late shoot response to Zn deficiency
A much larger number of transcripts (327) was significantly up-regulated in shoots after 
12 days of exposure to Zn deficiency in the three A. thaliana accessions than in the other 
treatments (Figure 2, Table S15). This set of genes showed an overrepresentation of transcripts 
involved in cation transport, calcium ion homeostasis, nicotianamine biosynthesis, protein 
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phosphorylation, secondary metabolism, defence response and response to abscissic acid 
(Table S16). Among the genes involved in cation transport were ZIP3, 4, 5, 9, 11 and 12, 
IRT3 and NAS2, 3 and 4 (Table 4), which were also up-regulated in roots after 4 and 12 days 
(Tables 1 and 2). While the idea initially was that these genes are mainly involved in Zn 
uptake in roots, they clearly have other functions in shoots, probably needed for the cellular 
Zn uptake or distribution of Zn upon xylem transport (López-Millán et al., 2004;Colangelo 
and Guerinot, 2006). Such would be also the function of the enhanced expression of YSL3. 
This gene acts in phloem loading and remobilization of Zn and Fe from senescing tissues to 
reproductive organs (Waters et al., 2006;Waters and Grusak, 2008). As in roots, upon 12 
days Zn deficiency the genes FRD3 and HMA2 were up-regulated in shoots. It also included 
FER1, which was not found before. This gene encodes a plastid localized ferritin involved in 
buffering Fe levels to prevent oxidative stress by sequestering the excess of free Fe2+ in the 
cytosol (Petit et al., 2001;Ravet et al., 2009). The observed late induction of these transcripts 
involed in Zn deficiency homeostasis in shoots in comparison to roots may indicate that roots 
response to the Zn deficiency treatment is faster due to its direct contact with the medium.
In total 170 transcripts were down-regulated in shoots of the three A. thaliana accessions after 
12 days of exposure to Zn deficiency (Figure 2, Table S17). In contrast to genes down-regulated 
in roots, there are no clear Fe homeostasis genes in this set, perhaps with exception of FRO4 
(Table 4). Although annotated as ferric reductase oxidase gene, FRO4 is transcriptionally 
highly responsive to Cu deficiency (Bernal et al., 2012). Overrepresented biological processes 
present in this cluster were: starch catabolism, defence response to fungi, response to glucose, 
response to abscissic acid and different stimulus (cold, light and water deprivation) (Table S18).
More pronounced than found in the genes down-regulated after 4 days under Zn deficiency, 
were changes in transcript abundance of genes involved in the control of the circadian 
rhythm and response to light. Among these genes were PRR3 and PRR5 both encoding 
pseudo-response regulator proteins involved in the control of flowering time (Para et al., 
2007;Nakamichi et al., 2012), as well as genes involved in circadian clock mediated control 
of flowering time such as FKF1, ELF3 and ELF4 (Lu et al., 2012;Song et al., 2012;Kim et al.). 
FKF1 regulates the timing of daylight and induction of flowering in plants grown under long-
day conditions (Ito et al., 2012;Song et al., 2012). ELF4 regulates the distribution inside the 
nucleus of a the protein GIGANTEA, which is a key component of the circadian clock in A. 
thaliana, contributing to the photoperiodic regulation of flowering time (Kim et al., 2013c). 
ELF3 encodes a protein involved in light input modulation and participates also of the 
circadian clock regulation, its mutation leads to early flowering, elongated hypocotyls and 
light-dependent arrhythmicity (Lu et al., 2012). This is interesting as one of the symptoms 
of Zn deficiency is the delay in flowering (Marschner, 1995;Broadley et al., 2007;Talukdar 
and Aarts, 2007). This could well be due to the down-regulation of these genes. Although 
plants were not yet flowering at the time of harvesting, a delay in flowering was indeed 
observed in other plants grown under similar Zn deficiency conditions (data not shown).
3.3. Core Zn deficiency responsive genes
From the accessions general Zn deficiency responsive genes we selected a core set of 
shoot and root Zn deficiency responsive genes which were significantly differentially 
expressed at both time points, so 4 and 12 days after exposure to Zn deficiency. In total 
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we identified 30 root Zn deficiency responsive core genes and 53 shoot genes (Figure 3 
and Table 5). We performed a hierarchical clustering to build heat maps representing the 
log
2
 fold changes (FC) in expression of these core Zn genes (Figure 4). Interestingly, we 
observed a change in behavior of the core Zn deficiency responsive genes between the 
time points; transcripts up-regulated after 4 days were down-regulated after 12 days and 
the other way around. This is mainly the case for shoot expressed genes, with only two 
out of 53 genes being up-regulated at 4 and 12 days of Zn deficiency. In roots more than 
a half of the core Zn deficiency responsive genes were up-regulated at both time points.
In roots the core Zn deficiency responsive genes had an overrepresentation of transcripts 
involved in Zn ion transmembrane transport, thiamine pyrophosphate binding and pyruvate 
decarboxylase activity (Table 5). Most of the 15 transcripts which were up-regulated 
in roots at both time points were involved in Zn ion transmembrane transport. Among 
these genes were several members of the ZIP family of transmembrane transporters 
(ZIP3, 4, 5, 9 and IRT3) and other known Zn deficiency responsive genes (FRD3, PAP27, 
AT1G20380), in line with previous studies (van de Mortel et al., 2006;Assunção et al., 2010).
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From the accessions general Zn deficiency responsive genes we selected a core set of shoot 
and root Zn deficiency responsive genes which were significantly differentially expressed at 
both time points, so 4 and 12 days after exposure to Zn deficiency. In total we identified 30 
root Zn deficiency responsive core genes and 53 shoot genes (Figure 3 and Table 5). We 
performed a hierarchical clustering to build heat maps representing the log2 fold changes (FC) 
in expression of these core Zn genes (Figure 4). Interestingly, we observed a change in 
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Figure 3: Venn diagrams showing the core Zn deficiency responsive genes represented by the 
intersections between transcripts being significantly up- and down-regulated in shoots or 
roots of the three A. thaliana accessions (Col-0, Tsu-0, and Pa-2) after  4 and 12 days of 
exposure to Zn deficiency. The list of core genes is shown in Tables 5 and 6. 
  
Figure 3: Venn diagrams showing the core Zn deficiency responsive genes represented by 
the intersections between transcripts being significantly up- a d down-r gulated in shoots 
or roots of the three A. thaliana accessions (Col-0, Tsu-0, and Pa-2) after  4 and 12 days of 
exposure to Zn deficiency. The list of core genes is shown in Tables 5 and 6.
Among these genes were also three genes encoding defensin-like proteins (AT2G36255, 
AT4G11393 and AT5G33355). These genes had the highest fold change in expression when 
compared to the other genes in this set and were up-regulated in both time points (Figure 5, 
Table 5). Similarly to defensins, defensin-like proteins contain a N-terminal signal sequence and 
are composed of small cysteine-rich peptides. A. thaliana has 317 genes encoding defensin-
like proteins, while it has only 15 genes encoding defensins (Thomma et al., 2002;Silverstein 
et al., 2005;Silverstein et al., 2007). Members of both families of proteins have been shown 
to play a role in plant pathogen defence, abiotic and biotic stress response, symbiotic 
interactions and plant growth and development (for a detailed review see (De Coninck et al., 
2013). van de Mortel et al. (2006) also described the strong up-regulation of the defensin-
like gene AT5G33355 and other genes encoding defensins under Zn deficiency in A. thaliana 
roots. Mirouze et al. (2006) demonstrated that the defensin gene PDF1.1 is constitutively 
high expressed in the hyperaccumulator species A. halleri and its overexpression confer 
tolerance to high Zn levels in A. thaliana and yeast. The differential expression of defensin 
genes was also observed in response to Mo, Fe and K deficiency and drought (Armengaud et 
al., 2004;Buckhout et al., 2009;Ide et al., 2010;Des Marais et al., 2012). However, the exact 
role of defensin and defensin-like genes in plants response to abiotic stress is not known. 
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Figure 4: Heatmap showing the hierarchical clustering of the core shoot and root genes with 
a significant change in expression under Zn deficiency relative to Zn sufficiency in the three 
A. thaliana accessions (Col-0, Tsu-0 and Pa-2) at 4 and 12 days. Transcripts shown in red 
were up-regulated in response to the Zn deficiency treatment and transcripts shown in green 
were down-regulated. The colour key represents the log2 transformed relative expression 
levels of the genes ranging from -3 (up-regulated) to 3 (down-regulated) fold change. 
 
In roots the core Zn deficiency responsive genes had an overrepresentation of transcripts 
involved in Zn ion transmembrane transport, thiamine pyrophosphate binding and pyruvate 
decarboxylase activity (Table 5). Most of the 15 transcripts which were up-regulated in roots 
at both time points were involved in Zn ion transmembrane transport. Among these genes 
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Figure 4: Heatmap showing the hierarchical clustering of the core shoot and root genes 
with a significant change in expression under Zn deficiency relative to Zn sufficiency in the 
three A. thaliana accessions (Col-0, Tsu-0 and Pa-2) at 4 and 12 days. Transcripts shown in 
red were up-regulated in response to the Zn deficiency treatment and transcripts shown 
in green were down-regulated. The colour key represents the log2 transformed relative 
expression levels of the genes ranging from -3 (up-regulated) to 3 (down-regulated) fold 
change.
Our findings show the involvement of defensin-like genes in the plant response to Zn 
deficiency, however further studies are necessary to elucidate their function in this process.
Most of the shoot core Zn deficiency responsive genes showed a drastic change in 
expression when comparing 4 and 12 days of Zn deficiency exposure (Figure 4, Table 6). 
Only one transcript, encoding an unknown protein (AT5G05250) had its expression levels 
down-regulated  hoots i  both time poi ts (Figure 5 and Table 6). van de Mortel t al. 
(2006) also found this gene being up-regulated in roots of A. thaliana plants exposed to high 
Zn concentration. Similarly, only two genes were up-regulated in both time points (IRT  and 
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PAP27), both of which appear to be under transcriptional control of bZIP19 and bZIP23, the 
two transcriptional factors involved in the Zn deficiency response in A. thaliana (van de Mortel 
et al., 2006;Assunção et al., 2010). In contrast to roots, we did not find other genes involved 
in Zn homeostasis being up-regulated in shoots in both time points, suggesting that shoots 
may take longer to sense and respond to the decrease in Zn levels caused by Zn deficiency. 
Prior to Zn deficiency exposure plants were grown hydroponically for 19 days under sufficient 
Zn supply enabling them to store Zn, mainly in the vacuoles and bound to other molecules. 
As the roots are in direct contact with the medium they are likely to rapidly sense the strong 
decrease in Zn availability and respond by up-regulating Zn transporters while remobilizing 
the stored Zn reserves. This would initially ensure the maintenance of the Zn flux from roots 
to shoots and may explain the delayed sensing of Zn deficiency in shoots compared to roots.
Plants exposed to Zn deficiency also showed alterations in genes regulating the plant 
circadian rhythm in shoots after 4 and 12 days. In shoots the early response to Zn deficiency 
involved the down-regulation of several genes belonging to the C2C2-CO-like or CONSTANS 
LIKE family. This family of genes is composed by zinc finger TFs, which some were shown 
to be involved in the control of the circadian clock and meristem identity in A. thaliana 
(Putterill et al., 1995;Andres and Coupland, 2012). Among the genes transcriptionally down-
regulated after 4 days of exposure to Zn deficiency were COL1 and COL2. Expression of 
these genes is regulated by the circadian clock with a peak in transcript levels around dawn 
(Ledger et al., 2001). After 12 days the genes LUX, ELF3, GRP7, WNK1, PRR3 and PRR5, 
which all have been shown to play a role in the regulation of the plant circadian clock and 
induction of flowering, were all down-regulated in shoots (Heintzen et al., 1997;Nakamichi 
et al., 2002;Streitner et al., 2008;Wang et al., 2008a;Helfer et al., 2011;Nagel and Kay, 
2012). In addition, the gene LHY, which encodes a myb-related TF involved in the control 
of the circadian rhythm was up-regulated after 4 days and down-regulate after 12 days 
in both roots and shoots (Schaffer et al., 1998;Fujiwara et al., 2008). These findings may 
indicate that the function of genes involved in Zn deficiency is dependent on the plant 
circadian rhythm. In support to this hypothesis other studies have shown that in A. 
thaliana genes involved in Fe homeostasis, such as YSL2, IRT1, FRO2, BHLH39 and FER1, 
have a circadian regulation of transcription (Vert et al., 2002;Schaaf et al., 2006;Hong et 
al., 2013). These authors proposed that the mechanism underlying this response reflected 
the requirement of energy supply for the nutrient transporters and subsequent metabolic 
pathways which is obtained from photoassimilates and coordinated by the circadian clock.
Regarding the changes in transcripts expression level under Zn deficiency, as expected, we 
did not have a significant increase in the expression of the Zn deficiency response regulators 
bZIP19 and bZIP23. These two TFs have been shown to regulate the expression of several 
members of the ZRT-IRT-like proteins (Assunção et al., 2010) and are hypothesized to initiate 
the response to Zn deficiency in A. thaliana by sensing the cellular Zn levels (Sinclair and 
Kramer, 2012;Assunção et al., 2013;Choi and Bird, 2014). Our findings support the Zn 
deficiency sensing mechanism proposed by Assunção et al. (2013) that these TFs are not 
up-regulated in response to Zn deficiency, but their levels are kept constant in the cell and 
they will only be activated or deactivated in response to changes in the Zn cellular levels.
Among the root and shoot core Zn deficiency responsive genes we found five genes in common 
when comparing roots with shoots. IRT3 was the only gene encoding a Zn transporter present 
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among these genes (Lin et al., 2009). It was up-regulated in both tissues and time points 
in the three A. thaliana accessions indicating that it may play a central role in the plants 
response to Zn deficiency. Other core Zn deficiency responsive genes overlapping between 
roots and shoots were AT2G15960 which encodes an unknown protein, AT4G01390 encoding 
a TRAF-like protein of unknown function, PAP27 and LHY. The genes encoding unknown 
proteins and the TRAF-like protein were up-regulated after 4 days and down-regulated after 
12 days in both tissues. PAP27 encodes a member of the metallo-phosphoesterases serine/
threonine phosphatase was up-regulated after 4 and 12 days in roots and shoots. PAP27 
was also shown by van de Mortel et al. (2006) and Assuncao et al. (2010) to be up-regulated 
under Zn deficiency. Phosphatases play a key role in signal transduction through protein 
phosphorylation by removing phosphate groups from the substrate (Luan et al. 2010). 
Although, there is no information about PAP27 function, in mammals PAP genes have been 
associated with Fe transport (Nuttleman and Roberts, 1990) and in plants with ascorbic 
acid biosynthesis (Wang et al., 2008b), ROS metabolism (del Pozo et al., 1999), degradation 
of cell wall components (Kaida et al., 2010) and phosphate starvation (Wang et al., 2011). 
Further studies are needed to validate its role in the Zn deficiency response in A. thaliana.
3.4. Model of the early and late Zn deficiency response in A. thaliana
Among the accessions general Zn deficiency responsive transcripts we identified several 
genes previously shown to be involved in Zn and other micronutrients homeostasis. 
However, the time frame change in expression of these genes is not known. Therefore, 
based on our results we propose a model of the transcriptional response to Zn deficiency 
in A. thaliana in roots and shoots after short and long term exposure to low Zn (Figure 5).
In roots the accessions early response to Zn deficiency was to promote Zn up-take by up-
regulating several Zn transmembrane transporters, such as ZIP2, 3, 4, 5, 9 and IRT3 (Grotz 
et al., 1998;van de Mortel et al., 2006;Lin et al., 2009;Milner et al., 2013). Root-to-shoot Zn 
translocation also seems to be induced shown by the up-regulation of FRD3 in roots at 4 days 
(Rogers and Guerinot, 2002;Durrett et al., 2007;Pineau et al., 2012). In addition, we found 
genes involved in the homeostasis of other micronutrients up-regulated; FRO5 involved in 
Cu reduction at the root surface and MOT1 which encodes a mitochondria Mo transporter 
(Tomatsu et al., 2007;Baxter et al., 2008a;Bernal et al., 2012). Furthermore, after short term 
exposure to Zn deficiency plants avoid the remobilization of Zn into the vacuoles in roots by 
down-regulating genes encoding proteins localized in the tonoplast (ZIF1, MTP3 and IREG2) 
(Arrivault et al., 2006;Schaaf et al., 2006;Haydon and Cobbett, 2007;Morrissey et al., 2009).
After short term exposure to Zn deficiency accessions also reduced the up-take of Fe in 
roots and its translocation and distribution in shoots. We found several genes involved in Fe 
deficiency response down-regulated in roots and shoots of the three A. thaliana accessions 
studied after 4 days under Zn deficiency. The Fe deficiency responsive genes BHLH38, 39, 100 
and 101, IRT1 and FRO2 were down-regulated in roots and BHLB38 and 39 in shoots after 4 
days under low Zn (Robinson et al., 1999;Henriques et al., 2002;Vert et al., 2002;Colangelo 
and Guerinot, 2004;Yuan et al., 2008;Wang et al., 2013a). The gene OPT3 which is involved 
in Fe signaling and loading into phloem was also down-regulated in both roots and shoots 
at 4 days (Mendoza-Cózatl et al., 2014;Zhai et al., 2014). In addition, in shoots we observed 
the down-regulation of the genes FRO3 and NAS4, both known to be mediate the transport 
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Figure 5: Model showing the early (A) and late (B) general response to Zn deficiency in 
the three A. thaliana accessions studied. In this figure we only show transcripts already 
described by other authors as being involved in Zn and other micronutrients homeostasis. 
Transcripts up-regulated are represented in red; and down-regulated in blue.
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of Fe through vascular tissues (Wintz et al., 2003;Klatte et al., 2009;Stein and Waters, 2012).
The down-regulation of several genes involved in Fe homeostasis in both roots and 
shoots after 4 days highlights the strong crosstalk between the Fe and Zn homeostasis 
mechanisms previously observed in other studies (van de Mortel et al., 2006;Shanmugam 
et al., 2013). The changes in Fe concentration when plants are exposed to Zn deficiency 
is probably a result of the up-regulation of Zn transmembrane transporters, such as IRT3, 
ZIP3, 11 and 12, under Zn deficiency which can also uptake Fe and other divalent cations 
(Lin et al., 2009;Yang et al., 2010;Milner et al., 2013;Shanmugam et al., 2013). Moreover, 
the down-regulation of Fe deficiency genes after 4 days in both roots and shoots may 
indicate that the signaling pathway of Fe homeostasis genes is faster and more tightly 
controlled than the Zn signaling pathway. This mechanism indicates that plants are 
able to cope with a larger variation in Zn concentration, whereas large variation in Fe 
concentration is avoided with the tight regulation of Fe transporters. In support to this 
hypothesis, Baxter et al. (2008b) demonstrated that when plants are supplied with low Fe 
concentrations Fe transporters are strongly up-regulated and their shoot Fe concentration 
do not change in comparison to the plants grown under Fe sufficiency conditions.
Long term exposure to Zn deficiency induced the up-regulation of several members of the 
ZRT-IRT-like protein family of Zn transmembrane transporters in both roots (ZIP1, 3, 4, 5, 
9 and 12 and IRT3) and shoots (ZIP3, 4, 5, 9, 11 and 12 and IRT3) (Grotz et al., 1998;Lin et 
al., 2009). The late response to Zn deficiency also resulted in the increased Zn loading into 
the xylem shown by the up-regulation of HMA2 in both roots and shoots at 12 days (Eren 
and Arguello, 2004;Hussain et al., 2004;Sinclair et al., 2007;Wong et al., 2009). Plants also 
induced translocation and re-distribution of Zn between tissues demonstrated by the up-
regulation of the NAS genes (NAS2, 3 and 4) in roots and shoots and the metal-NA complex 
transporter YSL3 in shoots (Suzuki et al., 1999;Waters et al., 2006;Waters and Grusak, 2008).
The accessions late response to Zn deficiency resulted in the differential regulation of transcripts 
involved in Fe and Cu uptake and transport. However, this response was weaker than what we 
observed at the early time point after exposure to Zn deficiency. In roots the genes FRO5 and 
COPT2, both known to be up-regulated in response to Cu deficiency, were down-regulated 
(Bernal et al., 2012;Perea-Garcia et al., 2013). In shoots we observed the down-regulation of 
the Cu deficiency responsive gene FRO4 (Bernal et al., 2012), while the gene FER1 which is 
postulated to be involved in the buffering of Fe levels in the citosol was up-regulated (Ravet 
et al., 2009). Similarly to what we observed for Fe, the down-regulation of Cu homeostasis 
genes may reflect the indirect increase of Cu concentration in plants exposed to Zn deficiency 
as a result of the increased expression of Zn up-take genes which can also take-up Cu, such 
as ZIP4 (Grotz et al., 1998;Wintz et al., 2003;Assunção et al., 2010;Shanmugam et al., 2013).
4. Conclusion
Our research shows for the first time the pattern of expression over time of the major genes 
involved in Zn deficiency homeostasis. The genes NAS2, 3 and 4 play a key role in the late 
response to Zn deficiency in roots and shoots. IRT3 is the only Zn deficiency responsive 
gene up-regulated in shoots and roots in both time points studied. We also provide strong 
evidence of the crosstalk between the mechanisms involved in Zn and Fe homeostasis. 
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Gene Primer Orientation Primer Sequence (5’ – 3’)
ZIP4
Forward GGCTGCATCTCTCAGGCACA
Reverse GGCCACTGCAGTTCCAATCC
FRD3
Forward ATGGGCTACTATTGCTGG
Reverse AAGACCATCATTGAGAAGAG
EF1-α
Forward CACATTTTCGTAGCCGCAAGACTCC
Reverse GATGACACGCTTGTCAATACCACC
Table S1: Sequences of the oligonucleotides used as primers for the qRT-PCR.
Furthermore, we show that the general response to Zn deficiency in the three A. thaliana 
accessions studied result in changes in carbohydrate metabolism, glucosinolate biosynthesis 
and in the control of the circadian clock. We propose that a Zn economy response also 
takes place under Zn deficiency based on the differential regulation of genes involved in 
the scavenging of ROS and Zn finger proteins. Finally, we provide further evidence that 
defensin-like proteins play a role in Zn homeostasis and indicate that PAP27 is a promising 
candidate gene for future studies of the Zn deficiency homeostasis network in A. thaliana.
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Trait Tretment (Root) Tretment (Shoot)
ZIP4_Tsu-0_6 hours F
1,1
= 0.301 P = 1.409 F
1,1
= 62.877 P = 0.001
ZIP4_Tsu-0_24 hours F
1,1
= 83.030 P = 0.001 F
1,1
= 52.987 P = 0.002
ZIP4_Tsu-0_4 days F
1,1
= 159.578 P = 0.000 F
1,1
= 18.200 P = 0.013
ZIP4_Tsu-0_6 days F
1,1
= 6093.105 P = 0.000 F
1,1
= 136.307 P = 0.000
ZIP4_Pa-2_6 hours F
1,1
= 3.864 P = 0.121 F
1,1
= 198.364 P = 0.000
ZIP4_Pa-2_24 hours F
1,1
= 13.174 P = 0.022 F
1,1
= 10.223 P = 0.033
ZIP4_Pa-2_4 days F
1,1
= 76.627 P = 0.001 F
1,1
= 3.244 P = 0.146
ZIP4_Pa-2_6 days F
1,1
= 80.194 P = 0.001 F
1,1
= 1024.135 P = 0.000
ZIP4_Col-0_6 hours F
1,1
= 12.472 P = 0.024 F
1,1
= 26.785 P = 0.007
ZIP4_Col-0_24 hours F
1,1
= 51.283 P = 0.002 F
1,1
= 2.323 P = 0.202
ZIP4_Col-0_4 days F
1,1
= 8.338 P = 0.045 F
1,1
= 2.121 P = 0.219
ZIP4_Col-0_6 days F
1,1
= 1428.004 P = 0.000 F
1,1
= 80.603 P = 0.001
FRD3_Tsu-0_6 hours F
1,1
= 30.418 P = 0.005 F
1,1
= 39.504 P = 0.003
FRD3_Tsu-0_24 hours F
1,1
= 40.699 P = 0.003 F
1,1
= 183.435 P = 0.000
FRD3_Tsu-0_4 days F
1,1
= 0.519 P = 0.511 F
1,1
= 0.982 P = 0.378
FRD3_Tsu-0_6 days F
1,1
= 470.081 P = 0.000 F
1,1
= 80.476 P = 0.001
FRD3_Pa-2_6 hours F
1,1
= 125.195 P = 0.000 F
1,1
= 2.243 P = 0.209
FRD3_Pa-2_24 hours F
1,1
= 41.142 P = 0.003 F
1,1
= 0.087 P = 0.782
FRD3_Pa-2_4 days F
1,1
= 49.762 P = 0.002 F
1,1
= 5.281 P = 0.083
FRD3_Pa-2_6 days F
1,1
= 1.900 P = 0.240 F
1,1
= 144.055 P = 0.000
FRD3_Col-0_6 hours F
1,1
= 73.643 P = 0.001 F
1,1
= 22.082 P = 0.009
FRD3_Col-0_24 hours F
1,1
= 72.927 P = 0.001 F
1,1
= 35.724 P = 0.004
FRD3_Col-0_4 days F
1,1
= 23.820 P = 0.008 F
1,1
= 9.879 P = 0.035
FRD3_Col-0_6 days F
1,1
= 87.221 P = 0.001 F
1,1
= 252.950 P = 0.000
Table S2: Results of the one-way ANOVA analysis performed for gene expression ΔCT 
values for ZIP4 and IRT3 in roots and shoots of the three A. thaliana accessions (Tsu-0, Pa-2 
and Col-0) to test for significant differences between treatments in each time point studied. 
Analyses were performed separately for each accession, tissue and time point, with a cut-
off for significance of p < 0.05.
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5. Natural variation reveals Arabidopsis thaliana accession specific 
responses to Zn deficiency at the transcriptional level
Ana Carolina A. L. Campos, Edouard Severing, David E. Salt, Mark G. M. Aarts
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Abstract
Zn deficient soils are a widespread problem around the world leading to severe yield 
losses for crops which also have a reduced amount of Zn. The understanding of how plants 
respond to Zn deficiency at the transcriptional level is of paramount importance for studies 
aiming to increase plants tolerance to Zn deficiency and Zn concentration in the plants 
edible parts for biofortification purposes. Arabidopsis thaliana is a genetic model plant 
species widely used in molecular genetics studies which was used as a reference in our 
study. Some of the genes controlling the Zn deficiency homeostasis in plants have been 
identified in other studies which focused in one A. thaliana accession. However, little is 
known about differences between accessions with contrasting levels of tolerance to Zn 
deficiency at the transcriptional level in response to low Zn conditions. With the purpose of 
filling this gap, in this study we analyzed the response to Zn deficiency at the whole genome 
transcriptome level in roots and shoots at 4 and 12 days after exposure to Zn deficiency in 
three A. thaliana accessions with contrasting levels of Zn deficiency tolerance. With this 
approach we were able to identify genes and potential mechanisms causing the differences 
in Zn deficiency tolerance between the three accessions. We also found new candidate 
genes potentially involved in Zn homeostasis in A. thaliana, such as the cell wall protein 
kinase WAKL4 gene. Finally, we show the involvement of transposons, retrotransposons 
and changes in chromatin structure in the control of gene expression when plants are 
exposed to Zn deficiency stress. This suggests that epigenetic changes are part of the plants 
adaptation response when exposed to abiotic stress conditions such as Zn deficiency.
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1. Introduction
Zn is an essential micronutrient for plants and animals, playing a role in several biological 
processes (Marschner, 1995;Krämer and Clemens, 2005). Because of its biochemical 
properties Zn is the only metal present in the structure of all six enzyme classes (Grotz 
and Guerinot, 2006;Broadley et al., 2007). Zn plays a key role in photosynthesis and carbon 
metabolism, regulation of gene expression and protein synthesis, regulation of auxin levels 
and protection against reactive oxygen species (ROS) (Marschner, 1995;Cakmak, 2000;Palmer 
and Guerinot, 2009;Sinclair and Kramer, 2012). Plants facing Zn deficiency show reduced 
growth, leaf clhorosisis and necrotic spots, increased susceptibility to pathogens infections 
and injuries by high light intensity and temperature (Marschner, 1995;Cakmak, 2000).
Zn deficient soils are wide-spread over the world being one of the major causes of agronomic 
losses and resulting in low Zn intake by humans through the consumption of staple food 
with a low content of Zn (Cakmak, 2007;Alloway, 2009). In humans and higher animals 
Zn concentrations in the blood do not decrease in proportion to the Zn deficiency level. 
Alternatively, as a mechanism of protection Zn deficiency induces a reduction in growth 
to maintain the Zn levels (Alloway, 2009). Other effects of Zn deficiency in humans are 
impairment of the immune system and brain function (Cakmak, 2007). Efforts to enhance 
the Zn content and availability in staple food crops to decrease Zn deficiency in humans 
have been made through initiatives such as HarvestPlus (http://www.harvestplus.org/).
Plants regulate their internal Zn concentration to an optimal level through a process 
named Zn homeostasis. In nature due to differences in environmental conditions where 
they grow, some plant varieties may be able to perform better than others when facing 
Zn deficiency by adopting different strategies to regulate their internal Zn homeostasis. 
At the transcriptional level various genes have been demonstrated to play a role in the 
process of Zn deficiency homeostasis in plants (for a detailed review see Sinclair and Krämer 
(2012)). Previous studies used microarrays to detect genes induced in response to low Zn 
in Arabidopsis thaliana (Wintz et al., 2003;Talke et al., 2006;van de Mortel et al., 2006;van 
de Mortel et al., 2008;Assunção et al., 2010). However, they focused on only one A. 
thaliana accession (Col-0) and often examined only a single time point. Hence, differences 
in the response to Zn deficiency at the transcriptional level between different A. thaliana 
accessions with contrasting levels of Zn deficiency tolerance have not yet been investigated. 
The importance of such study is supported by the large differences observed between 
A. thaliana accessions at the gene expression level when exposed to stress conditions 
or other treatments (Delker et al., 2010;Des Marais et al., 2012;Wang et al., 2013c).
In this study we used RNA sequencing to obtain the complete transcriptome profile of 
three A. thaliana accessions with different abilities to tolerate Zn deficiency in order to 
identify genes which may be involved in the accessions’ specific response to Zn deficiency 
and genes which explain the observed differences in Zn deficiency tolerance between the 
studied accessions. For our study we used three A. thaliana accessions (Col-0, Tsu-0 and 
Pa-2). Previous research has shown that when exposed to Zn deficiency, Tsu-0 has a small 
decrease in shoot biomass in comparison to the other accessions and was thus considered 
to be more tolerant to Zn deficiency (chapter 2). On the other hand, the accession Pa-2 
showed a dcrease up to 40% in shoot biomass when exposed to Zn deficiency, and was 
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thus considered to be more sensitive to Zn deficiency (chapter 2). Col-0 is the most studied 
A. thaliana accession, being widely used as a reference genotype, which we did as well. 
The identification of accession specific processes related to differences in Zn deficiency 
tolerance may reveal different adaptive strategies used by these accessions in order to 
survive certain environmental conditions and stresses. In this study we focused on the 
accessions’ specific sets of genes which had a significant change in expression in response to 
Zn deficiency in only one of the accessions studied. In order to identify the overrepresented 
biological process regulated by the accession specific transcripts we performed a gene 
ontology enrichment analysis. Our findings show that some of the biological processes 
controlled by accession specific transcripts were also present in the accessions’ general 
response to Zn deficiency described in chapter 4. In addition, we observed an overlap 
between the biological processes controlled by different sets of accession specific transcripts. 
We also show that the differences in Zn deficiency tolerance between the accessions may 
result from the accessions’ specific differential regulation of transcripts involved in stress 
and defence response, hormone signalling pathways, carbohydrate metabolism and 
cell death. Furthermore, we found genes encoding transposases and antisense silencing 
elements being strongly up and down-regulated in response to Zn deficiency in Tsu-0 
roots and Pa-2 shoot and roots. Col-0 also induced the expression of transcripts involved 
in histone modification in roots. This indicates that the Zn deficiency stress induces 
epigenetic changes in gene expression regulation in an accession dependent manner, 
which could be important for adaptation under stress conditions, such as nutrient shortage.
 
2. Material and Methods
2.1. Zn deficiency phenotypic characterization
Three A. thaliana accessions (Tsu-0, Pa-2, and Col-0) were selected as described in chapters 
2 and 4 and used for both shoot and root growth and ionome profile analysis. Plant 
growth conditions were the same as described in chapter 2. The three A. thaliana were 
grown hydroponically under Zn sufficiency (2µM ZnSO
4
) for 19 days. After that half of the 
plants were transferred to the Zn deficiency (0.05µM ZnSO
4
) and the other half to the Zn 
sufficiency (2µM ZnSO
4
) treatment to grow for more 16 days. The experiment lasted for 
5 weeks in total. Shoots and roots were harvested and dried for 72 hours at 60 oC, dry 
biomass was measured and the same samples were used for ionome profile analysis as 
described in chapter 2. We used the relative change in shoot and root biomass and Zn 
concentration in response to the Zn deficiency treatment and Zn usage index (ZnUI) to 
evaluate the accessions tolerance to Zn deficiency (Siddiqi and Glass, 1981;Good et al., 
2004). ZnUI for shoot and root tissue was calculated based on the following formula:
210 
 
Mat rial and Methods 
 
Zn deficiency phenotypic characterization 
Thre  A. thaliana accessions (Tsu-0, Pa-2, and Col-0) were selected as described in chapters 2 
and 4 and used for both shoot and root growth and ionome profile analysis. Plant growth 
conditions were the same as described in chapter 2. The three A. thaliana were grown 
hydroponically under Zn sufficiency (2µM Z SO4) for 19 days. After that half of the plants 
were transferred to the Zn deficiency (0.05µM ZnSO4) and the other half to the Zn sufficiency 
(2µM ZnSO4) treatment to grow for more 16 days. The experiment lasted for 5 weeks in total. 
Shoots and roots were harvested and dried for 72 hours at 60 oC, dry biomass was measured 
and the same samples were used for i nome pr file analysis as described in chapter 2. W  
used the relative change in shoot and root biomass and Zn concentration in response to the Zn 
deficiency treatment and Zn usage index (ZnUI) to evaluate the accessions tolerance to Zn 
deficiency (Siddiqi and Glass, 1981;Good et al., 2004). ZnUI for shoot and root tissue was 
calculated based on the following formula: 
 
𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍 = (
𝑠𝑠ℎ𝑜𝑜𝑜𝑜𝑜𝑜 𝑏𝑏𝑏𝑏𝑜𝑜𝑏𝑏𝑏𝑏𝑠𝑠𝑠𝑠 (𝑔𝑔)
𝑠𝑠ℎ𝑜𝑜𝑜𝑜𝑜𝑜 𝑍𝑍𝑍𝑍 𝑐𝑐𝑜𝑜𝑍𝑍𝑐𝑐𝑐𝑐𝑍𝑍𝑜𝑜𝑐𝑐𝑏𝑏𝑜𝑜𝑏𝑏𝑜𝑜𝑍𝑍 (𝑝𝑝𝑝𝑝𝑏𝑏)
) × 1000 
 
Statistical analysis 
For shoot and root dry weight (SDW and RDW), elemental concentrations and Zn content we 
performed a two-way ANOVA analysis to test for significant differences between treatments, 
accessions and the interaction between treatment and accessions. For elements concentration 
we performed a Benjamini-Hochberg multiple comparisons correction of the P values. To test 
for significant differences between accessions for the traits relative decrease in shoot and root 
dry weight, Zn concentration, Zn content and ZnUI we performed a one-way ANOVA 
analysis. If significant differences were observed we did a Tukey’s HSD post-hoc test with a 
cut-off level of significance of 0.05. 
 
RNA sequencing 
For the RNA sequencing experiment the three A. thaliana accessions (Col-0, Tsu-0 and Pa-2) 
selected were initially grown hydroponically for 19 days at sufficient Zn supply (2 µM 
ZnSO4) before being transferred to Zn deficient medium (0.05 µM ZnSO4) or kept on 
medium with sufficient Zn (2 µM ZnSO4). Shoots and roots were harvested at 4 and 12 days 
2.2. Statistical analysis
For shoot and r t dry weight (SDW and RDW), elemental concentrations and Zn content 
we performed a two-way ANOVA analysis to test for significant differences between 
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treatments, accessions and the interaction between treatment and accessions. For 
elements concentration we performed a Benjamini-Hochberg multiple comparisons 
correction of the P values. To test for significant differences between accessions for 
the traits relative change in shoot and root dry weight, Zn concentration, Zn content 
and ZnUI we performed a one-way ANOVA analysis. If significant differences were 
observed we did a Tukey’s HSD post-hoc test with a cut-off level of significance of 0.05.
2.3. RNA sequencing
For the RNA sequencing experiment the three A. thaliana accessions (Col-0, Tsu-0 and Pa-
2) selected were initially grown hydroponically for 19 days at sufficient Zn supply (2 µM 
ZnSO
4
) before being transferred to Zn deficient medium (0.05 µM ZnSO
4
) or kept on medium 
with sufficient Zn (2 µM ZnSO
4
). Shoots and roots were harvested at 4 and 12 days after 
transference to the Zn deficiency and sufficiency treatments. These time points were selected 
based on a detailed time point gene expression analysis of the genes ZIP4 (AT1G10970) and 
FRD3 (AT3G08040) using these three accessions as described in chapter 4. At each time 
point three biological replicates of each accession were harvested. One biological replication 
consisted of three plants pooled (shoots and roots separate). Samples were immediately 
ground in liquid nitrogen and stored at -80 °C for RNA extraction. Total RNA was extracted 
using the RNeasy Plant Mini Kit (Qiagen®), following the manufacturer’s instructions. RNA 
concentration was measured with a Qubit and a total 3µg RNA was used for the next steps. 
The cDNA library was prepared according to the Illumina TrueSeq RNA using the cBot and 
Single Read Clustering chemistry V.3 of Illumina (www.illumina.com). Sequencing of 100 
nucleotides reads plus 6 nucleotides index reads was done using Illumina HiSeq2000 flow-cells.
The Illumina reads of Col-0 and Pa-2 were mapped against the Col-0 genome version 
TAIR10 (www.arabidopsis.org) using TopHat 2 (Kim et al., 2013a) with the following set 
of parameters: minimum intron length 50; maximum intron length 11.000; maximum 
multi-hits 1; maximum edit distance 5; maximum number of mismatches 5; pre-filter 
multi-hits. The Illumina reads of Tsu-0 were mapped against the reference genome 
of Tsu-0 (Gan et al., 2011) also using TopHat 2 with the same parameters setting. Gene 
expressions levels (FPKM) were determined using Cufflinks 2 (Trapnell et al., 2010). 
Differential expression analyses were performed using the Cuffdif 2 program included in the 
Cufflinks 2 package. Significant difference in gene expression under Zn deficiency relative 
to the Zn sufficiency treatment was set to p-value cutoff level lower or equal to 0.05. 
We used three methods to select sets of genes with a significant change in expression under 
Zn deficiency which reflected the accessions’ specific response to Zn deficiency of each A. 
thaliana accession used in this study. First we selected the ‘accessions specific Zn deficiency 
responsive genes’ based on transcripts which had a significant fold change (FC) in expression 
(p value < 0.05) under Zn deficiency in only one accession, organ and time point. Thus, 
some of the accession specific transcripts also appeared as significant in another accession 
considering the same organ but at a different time point. These transcripts were excluded 
from the accession specific lists of genes. Transcripts that were up- or down-regulated 
were analyzed separated. In the second method we selected the ‘accession specific core Zn 
deficiency responsive genes’ correspondent to transcripts present in the ‘accession specific 
Zn deficiency responsive genes’ set with a significant change in expression in both time 
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points studied (4 and 12 days). For this second set of genes we considered transcripts up- 
or down-regulated together. Finally, to identify accession specific sets of transcripts with 
a strong change in expression in response to the Zn deficiency treatment we performed a 
hierarchical clustering analysis using genes with significant change in expression between 
treatments in at least one of the A. thaliana accessions. Genes were partitioned into 30 
clusters based on their foldchanges using the kmeans function from amap package for R 
(http://www.r-project.org/). The kmeans clustering was performed using the euclidean 
distance measure. The hierarchical clustering analysis delineated associated gene groups 
with similar expression profiles in all accessions across the two studied time points in 
each organ. Clusters of genes showing the same expression response in each plant organ 
and strong differential regulation (Log
2
 FC>2.0) for only one accession were selected.
In order to obtain more information on the biological processes in which the genes 
regulating the accessions specific response to Zn deficiency may be involved we performed 
a gene ontology (GO) enrichment analysis for each gene set selected. The GO enrichment 
analysis was performed using the Biomaps software available from the Virtual Plant 
website (http://virtualplant.bio.nyu.edu/cgi-bin/vpweb/) (Katari et al., 2010), using the 
Fischer Exact Test with false discovery rate (FDR) correction and a p-value cutoff of 0.01.
 
3. Results and Discussion
3.1. Zn deficiency phenotypic characterization
In order to confirm the differences in Zn deficiency tolerance between the three A. thaliana 
accessions (Tsu-0, Col-0 and Pa-2) selected for the RNA sequencing analysis based on previous 
results shown in chapter 2 we performed a detailed phenotypic characterization of these 
accessions in response to Zn deficiency. After five weeks all accessions showed visible Zn 
deficiency symptoms in the shoot such as, leaf chlorosis, necrotic spots and curling (Figure 1).
As expected we found a significantly lower shoot dry weight (SDW) and lower Zn 
concentrations for the three A. thaliana accessions under Zn deficiency in comparison to 
Zn sufficiency (Table S2, Figure 2A and B). However, we found no significant differences 
between accessions for Zn concentration in either treatment. Accession Tsu-0 had a 
significant higher SDW than Pa-2 under Zn deficiency and Col-0 and Pa-2 under Zn 
sufficiency (Table S1 and S2, Figure 2A), but we found no significant difference between the 
accessions for change in SDW, Zn concentration or total Zn content in response to the Zn 
deficiency treatment (Table S3, Figure 2C, D and E). The accession Tsu-0 had a significantly 
higher ZnUI under Zn deficiency in comparison to Col-0 and Pa-2, which indicates that 
under Zn deficiency Tsu-0 is able to produce a larger amount of shoot biomass per unit 
of Zn concentration (Tables S1 and S2, Figure 2F) similarly to our findings in chapter 2.
The largest differences between the accessions were observed when examining roots. 
Similar to shoots, all accessions had a significantly lower Zn concentration in roots under 
Zn deficiency in comparison to sufficient Zn (Tables S1 and S2, Figure 3B) and showed no 
significant difference between accessions for root Zn concentration under Zn deficiency 
(Table S1, Figure 3B). On the other hand, the Zn concentration of Pa-2 roots under Zn 
sufficiency was significantly lower in comparison to Tsu-0 and Col-0 (Table S1, Figure 
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Figure 1: Representative example of plants grown for 4 and 5 weeks in hydroponic solution 
under Zn sufficiency (2 µM ZnSO4) (A) and Zn deficiency (0.05 µM ZnSO4) (B) conditions. 
The two first columns correspond to Pa-2, columns 3 and 4 to Tsu-0 and columns 5 and 6 to 
Col-0. 
Figure 1: Representative example of plants grown for 4 and 5 weeks in hydroponic solution 
under Zn sufficiency (2 µM ZnSO4) (A) and Zn deficiency (0.05 µM ZnSO4) (B) conditions. 
The two first columns correspond to Pa-2, columns 3 and 4 to Tsu-0 and columns 5 and 6 to 
Col-0.
3B), thought this only had a marginal effect on RDW. In addition, Pa-2 had a significantly 
smaller decrease in root Zn concentration than Col-0 and Tsu-0 (Table S3, Figure 3D). This 
means that Pa-2 needs less Zn in roots under Zn sufficient conditions, but resembles Tsu-
0 under Zn deficient conditions. Col-0, on the other hand, appears to be very tolerant to 
Zn deficiency in terms of change in RDW (Figure 3C, Tables S1 and S3). This investment in 
root system growth can be an attractive trait under Zn deficiency, as it will allow Col-0 to 
scavenge more Zn under Zn depletion and potentially be able to maintain growth. The root 
ZnUI under Zn deficiency was consequently also highest for Col-0, though the differences 
between the accessions were not statistically significant (Figure 3F; Table S1 and S2).
Knowing shoot and root traits, we analysed the allocation of biomass in these plants under Zn 
deficient and sufficient conditions (Figure 4, Table S2). This shows that Col-0 and Pa-2 invested 
more in root growth under Zn deficiency than Zn sufficiency and that this investment was 
also higher compared to Tsu-0, with a significantly higher root/shoot ratio. However, while 
Col-0 had a very small decrease in root biomass under Zn deficiency, Pa-2 still showed a 40% 
decrease in root biomass. This may indicate that in order to have a larger root system under 
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Figure 2: Shoot traits of the three A. thaliana accessions grown hydroponically for 5 weeks 
under control (Zn sufficiency - 2 µM ZnSO4) and Zn deficiency (0.05 µM ZnSO4) conditions. 
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Figure 2: Shoot traits of the three A. thaliana accessions grown hydroponically for 5 weeks 
under control (Zn sufficiency - 2 µM ZnSO4) d Zn deficiency (0.05 µM ZnSO4) conditions. 
Shoot dry weight (A); Zn concentration (B); and the change in SDW (C); Zn concentration 
(D); and total Zn content (E) under Zn deficiency relative to the Zn sufficiency treatment 
were determined as well as the shoot Zn usage index (g2.µg-1) (F). Data represent the mean 
of twelve biological replicates per genotype ± standard error of the mean (SE). Lower 
case letters indicate statistically different groups using one-way or two-way ANOVA with 
groupings by Tukey’s HSD and a 95% confidence interval.
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Figure 3: Root traits of the three A. thaliana accessions grown hydroponically for 5 weeks 
under control (Zn sufficiency - 2 µM ZnSO4) and Zn deficiency (0.05 µM ZnSO4) conditions. 
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Figure 3: Root traits of the three A. thaliana accessions grown hydroponically for 5 weeks 
under control (Zn sufficiency - 2 µM ZnSO4) and Zn deficiency (0.05 µM ZnSO4) conditions. 
Root dry weight (A); Zn concentration (B); and the change in RDW (C); Zn concentration 
(D); and total Zn content (E) under Zn deficiency relative to the Zn sufficiency treatment 
were determined, as well as the root Zn usage index (g2.µg-1) (F). Data represent the mean 
of twelve bi logical replicates per genotype ± SE. Lower case l tters indicate statistically 
different groups using one-way or two-way ANOVA with groupings by Tukey’s HSD and a 
95% confidence interval.
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Zn deficiency Pa-2 reduces its shoot growth much more than Col-0. In support to this, Pa-2 
had the strongest decrease in SDW in response to the Zn deficiency treatment in comparison 
to Tsu-0 and Col-0. On the other hand, the accession Tsu-0 had a similar root/shoot ratio 
under both Zn deficiency and sufficiency conditions. This indicates that Tsu-0 is able to 
maintain the balance of root and shoot growth even when exposed to low Zn conditions. The 
differences in shoot and root biomass reduction observed between the three accessions in 
response to the Zn deficiency treatment may reflect differences in their capacity of tolerating 
the side-effects of the Zn deficiency treatment, such as oxidative stress (Cakmak, 2000).
3.2. Ionome profiling in response to Zn deficiency
With the purpose of identifying changes in other element concentrations as a result of 
the Zn deficiency treatment or differences in element concentrations between the three 
A. thaliana accessions we determined the shoot and root ionome profile of plants grown 
under Zn deficiency and sufficiency conditions (Figures 5 and 6). For shoots we found a 
significant effect of the Zn deficiency treatment on the concentrations of Mg, P, S, Mn, Fe 
(increased), Na, K, Cu and Zn (decreased) (Table S4). In roots we observed a significant effect 
of the Zn deficiency treatment on the concentrations of Mg, P, Fe, Cu, Zn and S (Table S5).
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Figure 4: Biomass portioning in the three A. thaliana accessions based on the root/shoot 
biomass ratio under Zn deficiency and Zn sufficiency conditions. Data represent the mean of 
twelve biological replicates per genotype ± SE. Lower case letters indicate statistically 
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Figure 4: Biomass portioning in the three A. thaliana accessions based on the root/shoot 
biomass ratio under Zn deficiency and Zn sufficiency conditions. Data represent the mean 
of twelve biological replicates per genotype ± SE. Lower case letters indicate statistically 
different groups using one-way or two-way ANOVA with groupings by Tukey’s HSD and a 
95% confidence interval.
Our results also indicate that the three A. thaliana accessions seem to adopt different 
strategies to balance their ionome when exposed to Zn deficiency which may contribute 
to or result from the differences in Zn deficiency tolerance observed between them. 
For example, Tsu-0 shoots had a higher tolerance to Zn deficiency and showed the least 
ionomic changes in response to the Zn deficiency treatment in comparion to Col-0 and 
Pa-2 (Figure 5, Table S4). In addition, Col-0 had the smallest decrease in root biomass 
and fewer elements showing significant change in concentration in roots in response 
to the Zn deficiency treatment when compared to Tsu-0 and Pa-2 (Figure 6, Table S5). 
Thus, it looks like that the higher tolerance to Zn deficiency observed in shoots of Tsu-
0 and roots of Col-0 is related to their inomic stability in these organs when exposed to 
Zn deficiency. However, the same was not observed for the accession Pa-2 which had an 
intermediate number of elements with significant change in concentration in response to 
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Zn deficiency in both shoots and roots. Pa-2 had a stronger decrease in shoot biomass and 
an intermediate decrease in root biomass under low Zn in comparison to Col-0 and Tsu-0.
3.3. RNA Sequencing
To understand more of the physiological processes underlying the differences in phenotype 
between the three A. thaliana accessions in response to the Zn deficiency treatment we 
performed a transcriptome analysis using RNA sequencing. For this experiment we used 
roots and shoots of plants harvested at two time points after exposure to Zn deficiency 
aiming to identify organ and time point accession specific changes at the whole genome 
transcriptional level. We found in total 15,831 transcripts with a significant difference in 
expression level between the Zn deficiency and sufficiency treatments; 8,564 in shoots 
and 7,267 in roots. As our focus was to identify accession specific genes we selected 
transcripts significantly up- and down-regulated in response to Zn deficiency in only one 
accession for each tissue and time point. In order to obtain a more strict selection of 
accessions’ specific genes we excluded some of the accession specific transcripts which 
were significantly up or down-regulated in the same plant organ in another accession at 
a different time point. Figure 7 shows the Venn diagrams with the number of accession 
specific genes used in this study which were up- and down-regulated for each accession, 
organ and time point. The complete lists with the accession specific genes are shown 
in the supplementary tables S6, S8, S10, S12, S14, S16, S18, S20, S22 and S24 for the 
accession Col-0; S25, S27, S29, S31, S33, S34, S36, S37, S39, and S41 for the accession 
Tsu-0; S43, S44, S45, S47, S49, S50, S52, S54, S56 and S58 for the accession Pa-2. Because 
these supplementary tables were very long we did not include them in the end of this 
chapter but they are available online in the link specific at the supplemental data section.
3.4. Accession specific Zn deficiency responsive transcripts affecting common biological 
processes
With the purpose of identifying biological processes controlled by the accession specific 
transcripts we performed a GO enrichment analysis for each accession specific set of genes 
(Supplementary tables S7, S9, S11, S13, S15, S17, S19, S21 and S23 for Col-0; S26, S28, S30, 
S32, S35, S38, S40 and S42 for Tsu-0; S46, S48, S51, S53, S55 and S57 for Pa-2). This showed 
that some biological processes were overrepresented in more than one accession specific 
set of transcripts. Thus, suggesting that after exposure to Zn deficiency the three A. thaliana 
accessions responded with physiologically similar processes, but each accession appears 
to use different genes to obtain the required effect. In addition, we observed differences 
in the direction of regulation of these transcripts involved in the alike biological processes 
between the accessions. Finally, we also found that some of the biological processes 
which we described in chapter 4 as being part of the general response of A. thaliana to 
Zn deficiency were also overrepresented in the accession specific sets of transcripts. This 
indicates that the regulation of some biological processes will occur through transcripts 
which are common between the accessions and additional transcripts which are accession 
specific also play a role. This overrepresentation of accession specific transcripts in more 
than one accession was found for the following biological process: stress and defence 
response, hormone signalling, carbohydrate metabolism and programmed cell death. 
Each of these biological processes will be described in more detail and discussed later.
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Figure 5: Shoot element concentrations measured in the three A. thaliana accessions (Col-0, 
Tsu-0 and Pa-2) after 5 weeks of growth in hydroponics under Zn deficiency (0.05 µM ZnSO4) 
and control (Zn sufficiency - 2 µM ZnSO4) treatments. Data represent the mean of twelve 
biological replicates per genotype ± SE. Lower case letters indicate statistically different 
groups using one-way ANOVA with groupings by Tukey’s HSD using a 95% confidence 
interval.  
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Figure 5: Shoot element concentrations measured in the three A. thaliana accessions (Col-
0, s -   - ) ft r  eeks of growth in hydroponics under Zn deficiency ( .05 µM 
ZnSO4) and control (Zn sufficiency - 2 µM ZnSO4) treatments. Data represent the mean of 
twelve biological replicates per genotype ± standard error of the mean. Lower case letters 
indicate st tistically different grou s using one-way ANOVA with groupings by Tukey’s HSD 
using a 95% confidence interval.
140
220 
 
  
  
  
0
50
100
150
200
250
300
350
Col-0 Tsu-0 Pa-2
R
o
o
t 
B
 C
o
n
ce
n
tr
at
io
n
 (
p
p
m
) 
Control Zn Deficiency
0
200
400
600
800
1000
Col-0 Tsu-0 Pa-2
R
o
o
t 
N
a 
C
o
n
ce
n
tr
at
io
n
 (
p
p
m
) 
Control Zn Deficiency
0
400
800
1200
1600
Col-0 Tsu-0 Pa-2
R
o
o
t 
M
g 
C
o
n
ce
n
tr
at
io
n
 (
p
p
m
) 
Control Zn Deficiency
0
1500
3000
4500
6000
7500
9000
Col-0 Tsu-0 Pa-2
R
o
o
t 
P
 C
o
n
ce
n
tr
at
io
n
 (
p
p
m
) 
Control Zn Deficiency
0
4000
8000
12000
16000
20000
Col-0 Tsu-0 Pa-2
R
o
o
t 
S 
C
o
n
ce
n
tr
at
io
n
 (
p
p
m
) 
Control Zn Deficiency
0
10000
20000
30000
40000
Col-0 Tsu-0 Pa-2
R
o
o
t 
K
 C
o
n
ce
n
tr
at
io
n
 (
p
p
m
) 
Control Zn Deficiency
b 
a 
a 
b 
b b 
b 
a 
a 
a,b a,b 
a,b a,b 
a,b a,b 
a 
c 
a,b,c 
a,b 
b,c 
b,c 
a 
a a 
a,b 
b 
a,b 
a,b a,b a,b 
141
221 
 
  
  
  
Figure 6: Root element concentrations measured in the three A. thaliana accessions (Col-0, 
Tsu-0 and Pa-2) after 5 weeks of growth in hydroponics under Zn deficiency (0.05 µM 
ZnSO4) and control (Zn sufficiency - 2 µM ZnSO4) treatments. Data represent the mean of 
twelve biological replicates per genotype ± SE. Lower case letters indicate statistically 
different groups using one-way ANOVA with groupings by Tukey’s HSD using a 95% 
confidence interval.  
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Figure 6: Root element concentrations measured in the three A. thaliana accessions (Col-
0, Tsu-0 and Pa-2) after 5 weeks of growth in hydroponics under Zn deficiency (0.05 µM 
ZnSO4) and control (Zn sufficiency - 2 µM ZnSO4) treatments. Data represent the mean of 
twelve biological replicates per genotype ± standard error of the mean. Lower case letters 
indicate statistically different groups using one-way ANOVA with groupings by Tukey’s HSD 
using a 95% confidence interval.
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3.4.1. Defensin and defensin-like genes
In this study we observed that the differential regulation of different members of the 
defensin and defensin-like gene families may be related to differences in Zn deficiency 
tolerance between the studied accessions. We found several members of the defensin 
and defensin-like gene families which showed an accession specific response to Zn 
deficiency (Table 1). Col-0 showed high tolerance to Zn deficiency in both roots and shoots 
and was able to induce changes in a larger number of transcripts involved in defence 
response and defensin and defensin-like genes in both roots and shoots when exposed 
to Zn deficiency in comparison to Tsu-0 and Pa-2. The defensin and defensin-like genes 
encode highly basic cysteine-rich peptides known to play a role in several biological 
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Figure 7: Venn diagrams showing the intersections between time points (4 and 12 days) of 
the accession specific transcripts with significant change in expression in response to Zn 
deficiency in the three A. thaliana accessions (Col-0, Tsu-0, and Pa-2) in shoots and roots. 
Up-regulated transcripts are indicated with  and down-regulated transcripts are indicated 
with . 
 
Accession specific Zn deficiency responsive transcripts affecting common biological 
processes 
 
With the purpose of identifying biological processes controlled by the accession specific 
transcr pts we performed a GO enric ment analysis for each accessio  specific set of genes 
(Supplementary tables S7, S9, S11, S13, S15, S17, S19, S21 and S23 for Col-0; S26, S28, 
S30, S32, S35, S38, S40 and S42 for Tsu-0; S46, S48, S51, S53, S55  S57 for Pa-2). This 
showed that some biological processes were overrepresented in more than one accession 
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Figur  7: Venn diagrams howing the intersections between time points (4 and 12 days) 
of the accessions´ specific transcripts with significant change in expression in response 
to Zn deficiency in the three A. thaliana accessions (Col-0, Tsu-0, and Pa-2) in shoots and 
roots. Up-regulated transcripts are indicated with ↑ and down-regulated transcr pts ar  
indicated with ↓.
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processes, including mediating abiotic and biotic stress responses in plants (Thomma 
et al., 2002;Silverstein et al., 2005;de Oliveira Carvalho and Moreira Gomes, 2011;De 
Coninck et al., 2013). Among the defensin and defensin-like genes we found in Col-0 were 
a defensin-like gene of unknown function (AT3G59930) and the defensin genes PDF1.1 in 
roots and PDF1.2c in shoots (Table 1). In line with our results van de Mortel et al. (2006) 
also reported changes in expression of the defensin genes PDF1.1 and PDF1.2c in roots 
of A. thaliana Col-0 plants exposed to Zn deficiency. Furthermore, PDF1.2c has also 
been shown to be induced in plants exposed to potassium starvation (Armengaud et al., 
2004). In the accessions Tsu-0 and Pa-2 the defensin and defensin-like genes were not as 
strongly up or down-regulated as in Col-0. Previously in chapter 4 of this thesis we also 
showed the strong up-regulation of defensin-like genes in all three A. thaliana accessions.
The accession specific regulation of defensin and defensin-like genes in A. thaliana 
accessions may indicate their involvement in the response to the Zn deficiency stress. 
Previous studies have demonstrated that defensin and defensin-like genes play a role in 
plants response to abiotic stresses, such as high Zn (Mirouze et al., 2006;van de Mortel 
et al., 2006). Further evidence of the defensin-like genes role in the regulation of metal 
ions homeostasis was shown in mammals which have their Fe metabolism regulated by 
defensin-like proteins (Tsuchiya and Nitta, 2013). Another possible explanation is that the 
increased susceptibility to pathogens infection in plants exposed to Zn deficiency may 
have induced changes in the transcription of defensin and defensin-like genes. Studies 
in plants and mammals indicate that under Zn deficiency organisms show an increased 
susceptibility to pathogen infection (Marschner, 1995;Cuevas and Koyanagi, 2005;McDevitt 
et al., 2011). In addition, defensin and defensi-like genes were also shown to play a role 
in plants higher tolerance to pathogens (Manners et al., 1998;De Coninck et al., 2010). 
However, the mechanisms involved in the cross-talk between low and high Zn and 
defensing and defensing-like genes are not yet known and further studies are needed.
3.4.2. Stress and defence response
Among the stress and defence response processes overrepresented in more than one 
accession were GO terms like: defence response, innate immune system response, abiotic 
and biotic stimulus (Tables S9, S11, S13, S19, S21, S32, S35, S40 and S48). The differential 
regulation of defence response genes under Zn deficiency may be an indirect effect of 
processes induced under abiotic stress which share features with the biotic stress response 
pathway. Among these processes are: the formation of ROS, regulation of protein kinases 
and hormone mediated responses (Cheng et al., 2002;Cheong et al., 2002;Fujita et al., 
2004;Poschenrieder et al., 2006;Chmielowska et al., 2010;Hoerger et al., 2013). In support 
to this hypothesis Horger et al. (2013) proposed a possible mechanism of cross-talk 
between the plant defence and metal hyperaccumulation through the formation of ROS. 
Both changes in metal ion concentration and pathogen infection induce the formation of 
ROS. As a result plants induce the activation of defense genes and cell wall lignification 
to inhibit pathogen infection and produce ROS scavengers to reduce cell injury caused 
by the oxidative stress. The induction of lignin metabolism genes was shown by van de 
Mortel et al. (2008) in roots of A. thaliana plants exposed to high Cd concentrations.
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3.4.3. Hormone signalling
The accession specific genes sets of Col-0 and Tsu-0 showed an over-representation of 
transcripts involved in hormone stimulus and signalling, but in different organs. Changes in 
the concentrations of phytohormones such as abscissic acid (ABA), jasmonic acid (JA), salicylic 
acid (SA) and ethylene have a signalling role in plant responses to abiotic and biotic stresses 
(Fujita et al., 2006). In Col-0 transcripts involved in cellular response to ABA were up-regulated 
and transcripts involved in cellular response to SA were down-regulated in roots after 4 days 
exposure to Zn deficiency (Table S7 and S9). While, Tsu-0 up-regulated transcripts involved 
in cellular response to indole-butyric acid (IBA) in shoots after 4 days and SA after 4 and 12 
days (Table S35 and S38). In addition, we found that transcripts involved in the JA response 
were regulated in an opposite way in Tsu-0 shoots after 4 and 12 days (Tables S35 and 
S40). The signalling pathways mediated by JA and ABA are normally strongly induced when 
plants face both biotic and abiotic stress conditions (Penninckx et al., 1998;Anderson et al., 
2004;Freeman et al., 2005;Maksymiec et al., 2005;Santino et al., 2013). The hormone SA is 
also known to mediate plant defence and stress responses and induction of leaf senescence 
(Raskin, 1992;Vlot et al., 2009;Zhang et al., 2013). Contrary to Col-0 and Tsu-0, we did not 
observe an overrepresentation of genes involved in hormone signalling in Pa-2. The differential 
regulation of transcripts involved in SA, JA and ABA cellular response in both Col-0 and Tsu-0 
is in line with our previous results showing a large number of transcripts involved in defense 
response being up- or down-regulated in these two accessions in response to Zn deficiency.
The plant growth hormone auxin is associated with lateral root formation and axillary 
branching (Potters et al., 2009). Col-0 showed an overrepresentation of transcripts involved 
in the biosynthesis of indole-containing compounds, which are part of the auxin structure, 
up-regulated in shoots after 12 days exposure to Zn deficiency (Table S21). In shoots of the 
accessions Tsu-0 and Pa-2 we found transcripts involved in auxin transport up-regulated after 
4 days exposure to Zn deficiency (Table S35 and S51). On the other hand, in the accession Pa-2 
transcripts involved in cellular response to auxin were down-regulated in shoots after 12 days 
under Zn deficiency (Table S57). Auxin is synthesized in the apical meristem being transported 
to the root where it plays an important role in root growth and development and formation 
of lateral roots (Ljung et al., 2001;Rahman et al., 2007;Péret et al., 2009;Overvoorde et al., 
2010). The induction of genes involved in auxin biosynthesis by Col-0 under Zn deficiency 
is in accordance with the small decrease in root growth in this accession in response to Zn 
deficiency in comparison to Tsu-0 and Pa-2 (Figure 3). In addition, Tsu-0 and Pa-2, which 
had a strong decrease in root growth under Zn deficiency, seem to induce auxin transport 
related genes but not invest in auxin biosynthesis as Col-0. Hence, these findings indicate 
that differences in root growth between the accessions under Zn deficiency may be linked 
to the differential regulation of transcripts involved in auxin biosynthesis and transport.
3.4.4. Carbohydrate metabolism
The difference in maintenance of carbohydrate biosynthesis and sink/source mobilization 
of resources under Zn deficiency may be underlying the differential regulation of root 
and shoot growth observed when comparing the three A. thaliana accessions. In shoots 
of Tsu-0 transcripts involved in biosynthesis of cell wall components and carbohydrate 
metabolism were up-regulated after 4 days exposure to Zn deficiency (Table S35). On 
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the other hand, in Col-0 transcripts involved in cellular carbohydrate biosynthesis were 
down-regulated in shoots after 4 days and in roots after 12 days (Table S19 and S13). 
The later down-regulation of these transcripts in Col-0 roots may be related with its 
preferential investiment in root growth over shoot under Zn deficiency (Figure 4). Also, 
the accession Pa-2 had transcripts involved in cellular carbohydrate catabolism up-
regulated in shoots after 4 days exposure to Zn deficiency (Table S51). The differential 
allocation of carbohydrates between shoot and root has been previously observed in 
plants exposed to other nutrient deficiencies such as P and N (Hermans et al., 2006).
In the accessions Tsu-0 and Pa-2 transcripts involved in response to carbohydrate 
stimulus were down-regulated. Tsu-0 down-regulated these transcripts in roots and 
shoots after 12 days of exposure to Zn deficiency (Table S32) and Col-0 in roots at both 
time points (Table S9 and S13). Carbohydrates are known to play a role as signalling 
molecules under abiotic and biotic stress conditions (Rosa et al., 2009;Ahmad et al., 
2012;Morkunas and Ratajczak, 2014;Tauzin and Giardina, 2014). Hence, the down-
regulation of transcripts involved in response to carbohydrate in Tsu-0 and Col-0 
after 12 days may be related to the signalling role of sugars under stress conditions.
Accessions also contrasted for the regulation of genes involved in glucosinolate metabolism. 
Glucosinolates are secondary metabolites in plants, which act as insect deterrents and are 
involved in the defence response against herbivores (Bednarek et al., 2009). In roots of Col-0 
after 12 days transcripts involved in glucosinolate metabolism were up-regulated, while in 
shoots transcripts involved in glucosinolates biosynthesis were down-regulated (Table S11 and 
S23). Similarly, Pa-2 induced the degradation of glucosinolates by up-regulating transcripts 
involved in glucosinolates catabolism in shoots after 4 days exposure to Zn deficiency (Table 
S53). On the other hand, in Tsu-0 roots after 12 days transcripts involved in glucosinolates 
biosynthesis were up-regulated (Table S30). These results indicate that when experiencing 
Zn deficiency Tsu-0 induces the biosynthesis of glucosinolates, while the accessions Col-
0 and Pa-2 invest on its degradation and biosynthesis inhibition. The general response of 
A. thaliana to Zn deficiency, as described in chapter 4, also showed the up-regulation of 
transcripts involved in indole-glucosinolates catabolism and down-regulation of transcripts 
involved in glucosinolates biosynthesis in roots after 4 days of exposure to Zn deficiency. 
Indole-glucosinolates and the auxin indol-3-acetic acid (IAA) are both derived from the same 
compound, tryptophan, which indicates that glucosinolates metabolism and plant growth are 
integrated and may explain the differential regulation of these genes in the three A. thaliana 
accessions when exposed to Zn deficient conditions (Grubb and Abel, 2006). Other studies 
have shown that indole-glucosinolates biosynthesis is induced in plants shoots and roots in 
response to the hormones JA and SA (van Dam et al., 2009). In addition, roots were shown 
to have in general a larger variety and higher concentrations of glucosinolates than shoots.
3.4.5. Programmed cell death
We observed an overrepresentation of transcripts involved in programmed cell death in 
more than one accession specific set of genes. Plants induce programmed cell death as a 
defence response against pathogens or in response to the formation of toxic compounds 
such as ROS under stress conditions (Reinbothe et al., 2009;Coll et al., 2011). In shoots of 
the accession Tsu-0 transcripts involved in aging and cell death were up-regulated after 4 
147
days and transcripts involved in programmed cell death after 12 days (Table S35 and S38). In 
Col-0 shoots transcripts involved in programmed cell death were also up-regulated after 12 
days (Table S21). On the other hand, in Col-0 roots transcripts involved in apoptotic process 
were down-regulated after 12 days exposure to Zn deficiency (Table S13). The up-regulation 
of transcripts involved in programmed cell death in Tsu-0 and Col-0 shoots may reflect a 
response in these accessions to the high levels of ROS known to be formed under Zn deficiency 
(Cakmak, 2000). In support of this, we observed the up-regulation of transcripts involved in 
response to oxidative stress in shoots of the accessionTsu-0 after 4 days (Table S35). Also, in 
roots of Pa-2, transcripts involved in oxido-reductase activity were up-regulated after 4 days 
(Table S43). Catalase, superoxide dismutase and glutathione peroxidese are examples of 
oxidoreductase enzymes which play a role both in the scavenging and formation of ROS (Ngoka, 
2008). In contrast to Tsu-0 and Pa-2, Col-0 down-regulated transcripts involved in response 
to hydrogen peroxide in roots after 12 days (Table S13). These findings may indicate that Col-
0 roots have a higher tolerance to the ROS formed under Zn deficiency also demonstrated 
by its small decrease in root biomass under Zn deficiency in comparison to Tsu-0 and Pa-2.
3.5. Accession specific Zn deficiency responsive transcripts affecting different biological 
processes
3.5.1. Col-0 specific transcripts
The Col-0 specific set of genes up-regulated in roots after 12 days exposure to Zn deficiency 
showed an overrepresentation of transcripts involved in inorganic anion transport and 
cellular ion and cation homeostasis (Table S11). Among these transcripts we found four 
genes encoding metal chelating proteins (Table 2). FER1 and 4 encode ferritins which can 
bind Fe ions when present in excess, thus regulating its levels in the plant cytoplasm and 
protecting the cells against oxidative stress (Petit et al., 2001;Ravet et al., 2009;Tarantino et 
al., 2010). MT3 encodes a metallothionein protein able to bind copper and other metals when 
in excess, thus limiting oxidative damage (Guo et al., 2008) and FP3 encodes a farnesylated 
protein able to chelate Zn2+, Ni2+ and Cu2+ (Dykema et al., 1999). The up-regulation of these 
transcripts in Col-0 roots may reflect its better ability of dealing with the high levels of Fe 
and other metals which are taken up together with Zn by low specificity Zn transporters 
such as IRT3 (Lin et al., 2009;Shanmugam et al., 2013). Both Col-0 and Tsu-0 indeed 
showed a significant increase in the shoot Fe concentration under Zn deficiency (Figure 5). 
Similarly, other studies have also described the cross-talk between Zn and Fe homeostasis 
demonstrating that Fe levels increase in shoots of plants exposed to Zn deficiency and 
the other way around (van de Mortel et al., 2006;Baxter et al., 2008b;Shanmugam et al., 
2011;Gruber et al., 2013). Hence, these findings indicate that a more efficient system to deal 
with the high level of free metals in the cytoplasm and avoid oxidative stress in Col-0 roots 
may be related to its its small reduction in root biomass under Zn deficiency conditions.
We also found transcripts encoding inorganic anion transporters up-regulated in roots of 
the accession Col-0 after 12 days of exposure to Zn deficiency (Table S10). Among them 
were two sulphate and two phosphate transporters: SULTR2;1; SULTR4;1; PHO1;H1 
and PHT2;1 (Table 2) previously shown to be induced under low sulphur and phosphate 
concentrations, respectively (Daram et al., 1999;Stefanovic et al., 2007;Kawashima et 
al., 2009;Zuber et al., 2010). Other studies have shown the interaction between Zn and 
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phosphate demonstrating that under conditions of low Zn plants induce the expression of 
phosphate transporters which results in higher P concentrations (Huang et al., 2000;Li et 
al., 2003;Jain et al., 2013;Khan et al., 2014). The observed up-regulation of these phosphate 
transporters in the accession Col-0 is in accordance with the non-significant difference in 
root P concentration observed between the Zn treatments only in this accession (Figure S2).
Furthermore, our findings indicate that in the accession Col-0 protein kinases play an 
important role in separating the transcriptional regulation of the Zn deficiency stress and 
defence response. Transcripts involved in protein phosphorylation encoding different 
classes of protein kinases were overrepresented among the Col-0 specific genes in both 
roots and shoots. In roots these transcripts were up-regulated after 4 days and down-
regulated after 12 days, while in shoots they showed the opposite behaviour (Table S7, 
S13, S19 and S21). Two protein kinases involved in defence response to pathogen were 
down-regulated in Col-0 roots after 12 days of exposure to Zn deficiency (Table 2). The gene 
LecRK-V.5 which encodes a lectin receptor kinase demonstrated to inhibit the pathogen 
induced stomata closure (Arnaud et al., 2012;Desclos-Theveniau et al., 2012) and the gene 
BIK1 which encodes a serine/threonine kinase part of the pathogen membrane receptor 
signalling (Lin et al., 2014). In addition, the gene OXI1 was down-regulated in Col-0 roots 
and shoots after 12 days of exposure to Zn deficiency (Table 2, S19 and S23). OXI1 encodes 
a serine/threonine kinase involved in the response to oxidative stress (Rentel et al., 2004) 
and pathogen defence (Petersen et al., 2009). On the other hand, protein kinases up-
regulated in shoots of Col-0 after 4 days and down-regulated after 12 days of exposure to 
low Zn were involved in plants response to abiotic and biotic stress (Tables S17 and S23). 
These results show that Col-0 down-regulates protein kinases mainly involved in defence 
response and indicate that the modes of signal transduction in this accession seems to be 
highly stress specific. For example, several protein kinases were already shown to mediate 
the ROS signalling pathway in plants exposed to abiotic and biotic stress through different 
signalling pathways (Mittler et al., 2004;Poschenrieder et al., 2006;Rasmussen et al., 2012). 
Thus, the specificity of the Zn deficiency stress and defence response signalling pathways in 
Col-0 may be associated with its high tolerance to Zn deficiency in both roots and shoots.
Among the Col-0 specific transcripts up-regulated in roots after 4 days under Zn deficient 
conditions we found the cell wall associated protein kinase WAKL4 (Table S6). Hou et al. 
(2005) demonstrated that WAKL4 is involved in mineral responses to Zn, Cu, K, Na and 
Ni in roots of A. thaliana plants which may indicate its involvement in the down-stream 
signalling of Zn deficiency at the root level. These authors also described that WAKL4 
is necessary for the up-regulation of Zn transporters under Zn deficiency proposing 
its role as a physical linker that signal between the cell wall and the cytoplasmic 
compartment. In plants several stress signalling pathways are mediated through protein 
kinases which can phosphorylate and de-phosphorylate other proteins resulting in the 
propagation or regulation of a signal (Fujita et al., 2006;Pareek et al., 2010). However, 
Tsu-0 and Pa-2 did not show a significant increase in the expression level of WAKL4 
under low Zn. These findings indicate that WAKL4 may play a role in the Zn homeostasis 
regulatory network and accessions show natural variation for its expression level.
Surprisingly we also found that Col-0 induces changes in the regulation of gene expression 
by down-regulating genes which encode histone proteins. Col-0 specific transcripts down-
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regulated in roots after 4 days exposure to Zn deficiency had an overrepresentation of 
genes involved in chromatin organization and protein-DNA complex assembly (Table S9). 
Among these transcripts were three members of the histone superfamily of proteins (Table 
2). The gene H3.1 encodes a histone protein enriched in repetitive pericentromeric and 
silent chromatin previously shown to regulate heterochromatin condensation (Stroud et 
al., 2012;Vaquero-Sedas and Vega-Palas, 2013;Jacob et al., 2014). The histone protein H4 
which has key role in the regulation of gene expression during plant acclimation and higher 
tolerance to cold stress (Zhu et al., 2008). The gene FKBP53 encoding an immunophilin 
protein which function as a histone chaperone able to bind the ribosome 18S rDNA 
gene chromatin and repress its expression (Li and Luan, 2010). The histone proteins 
regulate transition of chromatin between active and inactive status which will strongly 
influence DNA replication and gene expression (Arents and Moudrianakis, 1995;Mariño-
Ramírez et al., 2005). Their down-regulation in Col-0 roots after short term exposure to Zn 
deficiency may represent an adaptive response of the plants to the Zn deficiency stress.
In order to identify accession specific transcripts with a significant change in expression in 
both time points studied (4 and 12 days) we selected the accession specific core Zn deficiency 
responsive genes. In Col-0 roots we found 148 transcripts corresponding to the Col-0 specific 
core genes in roots (Table S14). In this set of genes we found an overrepresentation of 
transcripts involved in response to stress, temperature, heat, abiotic and chemical stimulus 
(Table S15). We also performed a hierarchical clustering analysis aiming to identify accession 
specific transcripts with a strong difference in the expression pattern at 4 or 12 days when 
compared to the other accessions. We found two genes clusters with transcripts strongly 
down-regulated in roots of Col-0 after 12 days of exposure to low Zn (Figure 6A and B, Tables 
S59 and S61). The GO analysis showed that transcripts in cluster 1 were involved in response to 
hydrogen peroxide, high light intensity and heat (Table S60). Among these genes we found four 
transcripts encoding Class III peroxidase proteins. In cluster 2 we had an over-representation 
of transcripts involved in response to hydrogen peroxide, heat and ABA stimulus (Table S62).
The strong down-regulation of genes involved in response to hydrogen peroxide in Col-
0 roots at 12 days support our previous conclusion that Col-0 roots are more tolerant to 
the oxidative stress caused by the ROS produced when plants are exposed to Zn deficiency 
stress. In line with this hypothesis we observed that Col-0 roots had the smallest decrease 
in biomass under Zn deficiency in comparison to Tsu-0 and Pa-2 (Figure 3A). Among the 
transcripts involved in response to hydrogen peroxide in cluster 1 were four transcripts 
which belong to the Class III peroxidase involved in the response to oxidative stress 
and known to be up-regulated in response to pathogens (Hiraga et al., 2001). Other 
genes present in cluster 2 were: BAG6 which encodes a calmodulin-binding protein 
involved in programmed cell death (Kang et al., 2005) and WRKY8 which encodes a TF 
involved in defence response and salinity tolerance (Chen et al., 2013a;Hu et al., 2013).
In addition, we found a gene cluster composed of transcripts strongly up-regulated only 
in Col-0 roots after 12 days under low Zn (Figure 8C, Table S63). Col-0 roots cluster 3 had 
only 17 genes, mainly involved in biotic stress and defence response (Table S64). Among 
these genes we found BGL18 which encodes a beta-glucosidase protein able to confer a 
higher tolerance to abiotic stresses, such as drought, by increasing ABA levels (Han et al., 
2012). Ogasawara et al. (2009) also described that BGL18 levels increase in the endoplasmic 
reticulum of wounded tissue, suggesting its role in defense response. We also found in this 
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cluster the gene WAK1 which encodes a cell wall associated kinase. This protein can 
bind with oligogalacturonides released from the cell wall upon pathogen attack to 
induce a defense response and when over expressed is able to confer higher tolerance 
to pathogens (Brutus et al., 2010). These findings are in accordance with the results 
we described for the Col-0 specific transcripts and show that plants response to Zn 
deficiency have a large overlap with the process induced under biotic stress and defence 
response. Furthermore, it may indicate that the differential regulation of accession 
specific transcripts involved in abiotic and biotic stress response may contribute to the 
different levels of Zn deficiency tolerance between the studied A. thaliana accessions.
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Figure 8: Clusters of transcripts selected for showing an accession specific differential 
pattern of expression in roots of Col-0. Clusters 1 (A) and 2 (B) are composed of transcripts 
strongly down-regulated only in Col-0 roots after 12 days. Cluster C has transcripts strongly 
up-regulated only in Col-0 roots after 12 days exposure to Zn deficiency. Lines represent the 
transcripts overall trend of expression across the accessions and time points. Complete list of 
genes are shown in tables S59, S61 and S63. 
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Figure 8: Clusters of transcripts selected for showing an accession specific differential 
pattern of expression in roots of Col-0. Clusters 1 (A) and 2 (B) are composed of transcripts 
strongly down-regulated only in Col-0 roots after 12 days. Cluster C has transcripts strongly 
up-regulated only in Col-0 roots after 12 days exposure to Zn deficiency. Lines represent the 
transcripts overall trend of expression across the accessions and time points. Complete list 
of genes are shown in table S59, S61 and S63.
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In shoots of the accession Col-0 we found only 9 transcripts with a significant change in 
expression in response to Zn deficiency which overlapped between the two time points (Table 
S24). As a result we were not able to identify many Col-0 specific gene clusters with a strong 
pattern of change in expression level in response to the Zn deficiency treatment. Based on the 
hierarchical clustering analysis for the accession Col-0 in shoot tissue we found one cluster 
with transcripts up-regulated after 12 days in Tsu-0 and Pa-2 and to a lower level in Col-0 
(Figure 9, Table S65). Transcripts in this cluster had an overrepresentation of genes involved 
in nicotianamine (NA) biosynthesis (Table S66). The NAS genes catalyse the last step of NA 
biosynthesis (Suzuki et al., 1999). NA can chelate divalent metals, such as Zn, and mediate 
their root-to-shoot transport and redistribution between tissues (Takahashi et al., 2003;Klatte 
et al., 2009;Haydon et al., 2012). These findings are in accordance with the observed slightly 
higher Zn concentration in Col-0 roots and root/shoot Zn concentration and Zn content ratio 
under Zn deficiency in comparison to the other accessions. In addition, this may indicate that 
when facing Zn deficiency Col-0 prioritizes the Zn supply to the root tissue by reducing the 
formation of NA which can bind Zn and mediate its translocation and redistribution between 
tissues. Alternatively, the differential expression level of the NAS genes between Col-0 and 
the other accessions may reflect polymorphisms in the accessions gene coding sequences.
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Figure 9: Clusters of transcripts selected for showing an accession specific differential 
pattern of expression in shoots of Col-0. Cluster 4 is composed of transcripts up-regulated in 
shoots of Tsu-0 and Pa-2 and to a lower level in Col-0 after 12 days exposure to Zn 
Cluster 4 
Col-0  Tsu-0  Pa-2      Col-0  Tsu-0  Pa-2 
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Figure 9: Clusters of transcripts selected for showing an accession specific differential 
pattern of expression in shoots of Col-0. Cluster 4 is composed of transcripts up-regulated 
in shoots of Tsu-0 and Pa-2 and to a lower level in Col-0 after 12 days exposure to Zn 
deficiency. Lines represent the transcripts overall trend of expression across the accessions 
and time points. Complete list of genes is shown in table S65.
3.5.2. Tsu-0 specific transcripts
Tsu-0 induced the expression of glutathione transferase genes which play a role in the 
detoxification of toxic substances and may be involved with its high tolerance to Zn deficiency 
in shoots. Tsu-0 specific genes had an overrepresentation of transcripts involved in the 
catabolism of toxic compounds up-regulated in roots after 12 days and in shoots after 4 days 
of exposure to Zn deficiency (Table S30 and S34). Among these transcripts we found eight 
genes encoding glutathione transferase proteins (GSTs) (Table 3). The GSTs are known to form 
complexes between glutathione and electrophilic xenobiotics (i.e. herbicides, xenobiotics), 
tagging them for vacuolar sequestration (Edwards et al., 2000;Wagner et al., 2002).The 
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genes GSTF6, GSTU4, 8 and 27 were up-regulated in Tsu-0 shoot tissue after 4 days. GSTF6 
is involved in the biosynthesis of camalexin which is a type of phytoalexin accumulated in 
response to SA, biotic and abiotic stress (Tsuji et al., 1992;Zhao et al., 1998;Thomma et al., 
1999;Wagner et al., 2002;Mert-Türk et al., 2003;Sappl et al., 2004;Su et al., 2011). The genes 
GSTU8 and 27 are also induced in A. thaliana plants exposed to sulphur starvation (Nikiforova 
et al., 2003). The gene GSTU1 was up-regulated in Tsu-0 shoots after 4 days and roots after 
12days under Zn deficiency. Baerson et al. (2005) demonstrated that GSTU1 is up-regulated 
in A. thaliana seedlings exposed to an allelochemical substance. Other genes encoding GSTs 
proteins up-regulated in Tsu-0 roots after 12 days were: GSTF11, GSTU22 and 25. Krajewski et 
al. (2013) observed the strong up-regulation of GSTU25 in response to fungicide compounds 
in yeast cells. GSTU25 was also shown to have its expression increased in response to cumene 
hydroperoxide which is a substrate derived from glucosinolates degradation in cruciferous 
species (Dixon et al., 2009). van de Mortel et al. (2008) also observed the increased 
expression of four genes encoding glutathione S-transferase proteins (GSTF3, GSTF10, 
GSTU17, GSTU28) in roots of A. thaliana Col-0 plants exposed to Zn deficiency and Cd excess.
We also found evidence that Tsu-0 changes the regulation of genes involved in transport of 
nitrogen compounds and solutes in roots after exposure to Zn deficiency which may be linked 
to its higher sensitiveness to Zn deficiency in root tissue compared to shoot. Transcripts down-
regulated in Tsu-0 roots after 4 days exposure to Zn deficiency had an overrepresentation of 
genes involved in nitrate transport (Table S28). Among these genes were NRT2.1 and NRT3.1 
(Table 3) which encode high affinity nitrate transport proteins (Okamoto et al., 2006). A. 
thaliana NRT2.1 mutants show inhibition of lateral root initiation under nitrogen limiting 
conditions (Little et al., 2005;Remans et al., 2006). We also found four genes encoding 
aquaporins and involved in water transport down-regulated in Tsu-0 roots after 4 days 
(Tables 3 and S28). The genes TIP1;1 and TIP2;3 encode tonoplast intrinsic aquaporins. TIP1;1 
is involved in water and solutes transport and its knock-out plants are more sensitive to high 
concentrations of glycerol (Beebo et al., 2009), while TIP2;3 is involved in ammonium transport 
(Loqué et al., 2005). In addition to two genes encoding plasma membrane aquaporins (Table 
3); PIP1;2 which is involved in CO(
2
) transport (Uehlein et al., 2012) and PIP2;3 which is 
strongly down-regulated under drought stress conditions (Alexandersson et al., 2005).
Furthermore our findings indicate that after long term exposure to Zn deficiency Tsu-0 
reduced the expression of TFs involved in the response to abiotic and biotic stress which 
are known to induce a higher tolerance to abiotic stress when not expressed in root tissue. 
Tsu-0 specific genes down-regulated in roots after 12 days of exposure to Zn deficiency 
had an overrepresentation of transcripts involved in the regulation of transcription and 
gene expression (Table S32). Among these genes we found three members of the AP2-
EREBP TF family (CBF2, CBF4 and ERF4; Table 3), shown to be involved in the regulation 
of developmental processes and plants response to abiotic and biotic stress (Kizis et 
al., 2001;Dietz et al., 2010). CBF2 plays a role in response to low temperature, ABA and 
circadian rhythm (Dong et al., 2011;Lee and Thomashow, 2012). CBF4 is involved in the 
response to drought stress and ABA treatment (Ding et al., 2013;Nakai et al., 2013). The 
gene ERF4 encodes an ethylene responsive element binding factor involved in precocious 
leaf senescence which is induced by ethylene, JA and ABA (Yang et al., 2005;Koyama et 
al., 2013). Other genes involved in the regulation of transcription down-regulated in 
Tsu-0 roots after 12 days were: MYB73, WRKY18 and PTAC6 (Table 3). Kim et al. (2013b) 
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demonstrated that the knock-out of MYB73 resulted in a higher tolerance to salt stress 
in A. thaliana. The gene WRKY18 encodes a TF involved in plant response to ABA and 
abiotic and biotic stresses (Wenke et al., 2012). Chen et al. (2010) demonstrated that the 
over-expression of WRKY18 can enhance the plant sensibility to salt and osmotic stress. 
Finally PTAC6 encodes a protein required for gene expression in plastids (Pfalz et al., 2006).
In roots of Tsu-0 we found 10 transcripts with significant change in expression in both time 
points studied (4 and 12 days) correspondent to the Tsu-0 roots core set of Zn deficiency 
responsive genes (Table S33). No biological processes were overrepresented in this set 
of genes. Based on the hierarchical clustering analysis we found two gene clusters with 
transcripts showing a strong pattern of regulation only in roots of the accession Tsu-0 
(Figure 10). Cluster 5 had transcripts strongly down-regulated in roots of Tsu-0, while in Col-
0 and Pa-2 they were strongly up-regulated after 4 days exposure to Zn deficiency (Figure 
10A). In this cluster we found only six transcripts which were involved in glucosinolates 
catabolism, defence response and regulation of stomata movement (Table S67 and S68). 
The genes TGG1 and TGG2 which encode myrosinase proteins involved in glucosinolates 
breakdown and insect defence response (Barth and Jander, 2006). In cluster 5 we also found 
the pathogenesis related gene PR1 previously shown to be up-regulated in response to SA 
accumulation in plants exposed to abiotic and biotic stresses (Caillaud et al., 2013;Liu et al., 
2013). The strong down-regulation of these genes in Tsu-0 roots and up-regulation in Col-0 
and Pa-2 after 4 days exposure to Zn deficiency reinforces our hypothesis that accessions differ 
for the specificity of the response to biotic and abiotic stresses at the transcriptional level.
Cluster 6 was composed of transcripts strongly up-regulated in roots of the accession 
Tsu-0 after 12 days of exposure to Zn deficiency (Figure 10B, Table S69). Surprisingly, this 
cluster was composed of several genes encoding proteins of unknown function and three 
transposases. The strong up-regulation of transposases in Tsu-0 roots after 12 days may 
indicate that when exposed to low Zn concentrations Tsu-0 induces changes in the genome 
sequence or gene regulation via the activation of transposases as an adaptive response. 
However, further studies are needed to understand and characterize the mechanism 
underlying this response and the transcripts involved in the down-stream signaling 
network. In the genome level several deleterious effects can be caused by the induction 
of transposases in response to stress conditions, such as gene deletion or insertion, 
chromosome rearrangement and changes in gene expression (Ma and Bennetzen, 2006;Ito, 
2012). Castrillo et al. (2013) also demonstrated that in A. thaliana plants exposed to high 
As(V) concentration the transcription factor WRKY6 induced the down-regulation of several 
transcripts encoding transposases. These authors found no evidence that the induced 
changes in expression of transposases resulted from epigenetic regulation as suggest in 
other studies (Tsukahara et al., 2009;Mirouze and Paszkowski, 2011;Bucher et al., 2012).
In shoots of Tsu-0 we found 60 transcripts with significant change in expression in both 
time points studied (Table S41). These transcripts were correspondent to the Tsu-0 
specific core Zn deficiency responsive genes and were involved in defence response, 
response to stress, SA, biotic stimulus, bacteria and other organism (Table S42). Based on 
the hierarchical clustering analysis we found two clusters with transcripts showing strong 
differential expression in shoots of the accession Tsu-0 (Figure 11). Cluster 7 was composed 
of 19 transcripts strongly up-regulated only in Tsu-0 shoots after 4 days exposure to Zn 
157
deficiency (Figure 11A, Table S70). Among the transcripts in this cluster we found two genes 
encoding lactoylglutathione lyase metalloenzymes, GLYI4 and GLYI7, shown to be highly 
induced under stress conditions (Mustafiz et al., 2011). Other studies also demonstrated 
that the over-expression of genes involved in the glyoxalase pathway in tobacco plants 
resulted in a higher tolerance to salt stress and Zn excess (Singla-Pareek et al., 2003;Singla-
Pareek et al., 2006). These findings indicate that the higher expression of these genes in 
Tsu-0 shoots may relate to the observed high tolerance to Zn deficiency in Tsu-0 shoot.
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Figure 10: Clusters of transcripts selected for showing an accession specific differential 
pattern of expression in roots of Tsu-0. Cluster 5 is composed of transcripts strongly down-
regulated in roots of the accession Tsu-0, while in Col-0 and Pa-2 these transcripts were 
strongly up-regulated (A). Cluster 6 is composed of transcripts strongly up-regulated in roots 
of the accession Tsu-0 after 12 days of exposure to Zn deficiency (B). Lines represent the 
transcripts overall trend of expression across the accessions and time points. Complete list of 
genes is shown in tables S67 and S69. 
 
In shoots of Tsu-0 we found 60 transcripts with significant change in expression in both time 
points studied (Table S41). These transcripts were correspondent to the Tsu-0 specific core Zn 
deficiency responsive genes and were involved in defence response, response to stress, SA, 
biotic stimulus, bacteria and other organism (Table S42). Based on the hierarchical clustering 
analysis we found two clusters with transcripts showing strong differential expression in 
shoots of the accession Tsu-0 (Figure 11). Cluster 7 was composed of 19 transcripts strongly 
up-regulated only in Tsu-0 shoots after 4 days exposure to Zn deficiency (Figure 11A, Table 
S70). Among the transcripts in this cluster we found two genes encoding lactoylglutathione 
lyase metalloenzymes, GLYI4 and GLYI7, shown to be highly induced under stress conditions 
(Mustafiz et al., 2011). Other studies also demonstrated that the over-expression of genes 
involved in the glyoxalase pathway in tobacco plants resulted in a higher tolerance to salt 
stress and Zn excess (Singla-Pareek et al., 2003;Singla-Pareek et al., 2006). These findings 
indicate that the higher expression of these genes in Tsu-0 shoots may relate to the observed 
high tolerance to Zn deficiency in Tsu-0 shoot. 
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Col-0  Tsu-0  Pa-2      Col-0  Tsu-0  Pa-2 
4 days                       12 days 
Col-0  Tsu-0  Pa-2      Col-0  Tsu-0  Pa-2 
4 days                       12 days 
Figure 10: Clusters of transcripts selected for showing an accession specific differential 
patt rn of expression in roots of Tsu-0. Cluste  5 is composed of transcri ts strongly down-
regulated in roots of the accession Tsu-0, while in Col-0 and Pa-2 these transcripts were 
strongly up-regulated (A). Cluster 6 is composed of transcripts strongly up-regulated in 
roots of the accession Tsu-0 after 12 days of exposure to Zn deficiency (B). Lines represent 
the transcripts overall trend of expression across the accessions and time points. Complete 
list of genes is shown in table S67 and S69.
The second cluster we selected in Tsu-0 shoots consisted of 58 transcripts strongly down-
regulated only in Tsu-0 after 12 days of exposure to Zn deficiency (Figure 11B, Table S71). 
Transcripts in cluster 8 were involved in response to biotic stress and regulation of gene 
expression (Table S72). In addition, genes of the AP2-EREBP TF family were over-represented 
in this gene cluster. Previously, we also found three members of this TF family among the 
Tsu-0 specific transcripts down-regulated in roots. In Tsu-0 shoots we found five genes 
encoding ethylene responsive element binding factors (ERFs) which belonged to the AP2-
EREBP TF family. Among these genes were ERF-1, ERF4, ERF5, ERF6 and ERF13. Dubois et 
al. (2013) demonstrated that the increased expression of ERF5 and ERF6 under drought 
stress inhibits cell proliferation and leaf growth. The up-regulation of these two TFs induces 
the degradation of the enzyme GA2-oxidase and stabilizes DELLA proteins which interrupt 
the normal cell cycle and growth (Achard et al., 2009;Claeys et al., 2012). In addition, we 
found the gene ERF4 in this cluster, which is involved in the regulation of leaf senescence 
and its loss of fu ction leads to  d lay in this pr cess (Koyama et al., 2013). These findings 
may indicate that the smaller reduction in shoot biomass under Zn deficiency observed 
in the accession Tsu-0 in comparison to Col-0 and Pa-2 results from the down-regulation 
of ERF TFs in Tsu-0 shoots after 12 days. In line with this hypothesis we also observed no 
significant change in expression of these TFs in Col-0 and Pa-2 shoots under Z  deficiency.
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3.5.3. Pa-2 specific transcripts
The accession Pa-2 induced changes in the cell wall structure in both roots and shoots after 
exposure to Zn deficiency. Among the Pa-2 specific transcripts up-regulated in roots after 
4 days of exposure to Zn deficiency we found four genes involved in cell wall modification 
in root tissue (Table 4 and S43). The gene TCH4 encodes a protein involved in cell wall 
modification shown to be induced in response to several stresses (Iliev et al., 2002). The gene 
XTH20 encodes a xyloglucan endotransglucosylase/hydrolase (XTH) protein which plays a 
role in xylem development and cellular glucan metabolism (Vissenberg et al., 2005;Miedes 
et al., 2013). The gene XTH16 is also involved in cellular glucan metabolism and XTH9 plays a 
role in rearranging the xyloglucan chains to enable cell wall loosening and shaping (Imoto et 
al., 2005). Interestingly, the genes XTH9, 16 and 20 were also down-regulated in Pa-2 shoots 
after 12 days exposure to Zn deficiency (Table 4 and S56). Other transcripts belonging to the 
glycoside hydrolase family which were down-regulated in Pa-2 shoots after 12 days were: 
XTH6, 24, 25, 27 and 33 (Table 4). All shown to be involved in glucan metabolism and cell wall 
modification (Oh et al., 1996;Rose et al., 2002;Matsui et al., 2005;Ndamukong et al., 2009).
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Figure 11: Clusters of transcripts selected for showing an accession specific differential 
pattern of expression in shoots of Tsu-0. Cluster 7 is composed of transcripts strongly up-
regulated only in Tsu-0 shoots after 4 days exposure to Zn deficiency (A). Cluster 8 is 
composed of transcripts strongly down-regulated only in Tsu-0 shoots after 12 days of 
exposure to Zn deficiency (B). Lines represent the transcripts overall trend of expression 
across the accessions and time points. Complete list of genes is shown in tables S70 and S71. 
 
The second cluster we selected in Tsu-0 shoots consisted of 58 transcripts strongly down-
regulated only in Tsu-0 after 12 days of exposure to Zn deficiency (Figure 11B, Table S71). 
Transcripts in cluster 8 were involved in response to biotic stress and regulation of gene 
expression (Table S72). In addition, genes of the AP2-EREBP TF family were over-
represented in this gene cluster. Previously, we also found three members of this TF family 
among the Tsu-0 specific transcripts down-regulated in roots. In Tsu-0 shoots we found five 
genes encoding ethylene responsive element binding factors (ERFs) which belonged to the 
AP2-EREBP TF family. Among these genes were ERF-1, ERF4, ERF5 ERF6 and ERF13. 
Dubois et al. (2013) demonstrated that the increased expression of ERF5 and ERF6 under 
drought stress inhibits cell proliferation and leaf growth. The up-regulation of these two TFs 
induces the degradation of the enzyme GA2-oxidase and stabilizes DELLA proteins which 
interrupt the normal cell cycle and growth (Achard et al., 2009;Claeys et al., 2012). In 
addition, we found the gene ERF4 in this cluster, which is involved in the regulation of leaf 
senescence and its loss of function leads to a delay in this process (Koyama et al., 2013). 
These findings may indicate that the smaller reduction in shoot biomass under Zn deficiency 
observed in the accession Tsu-0 in comparison to Col-0 and Pa-2 results from the down-
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Figure 11: Clusters of transcripts selected for showing an accession specific differential 
pattern of expression in shoots of Tsu-0. Cluster 7 is composed of transcripts strongly 
up-regulated only in Tsu-0 shoots after 4 days exposure to Zn deficiency (A). Cluster 8 is 
composed of transcripts strongly down-regulated only in Tsu-0 shoots after 12 days of 
exposur  to Zn deficiency (B). Lines represent the transcri ts overall trend of expression 
across the accessions and time points. Complete list of genes is shown in table S70 and S71.
The up-regulation of several genes encoding XTHs proteins in Pa-2 roots may reflect the high 
sensitivity of Pa-2 roots to the Zn deficiency treatment. This hypothesis is supported by the 
many important roles XTHs proteins have, such as cell wall loosening and strengthening, 
integration of new xyloglucans to the cell wall, trimming xyloglucans which are not tightly 
stuck to the surface of cellulose, fruit softening and hydrolization of xyloglucans during 
xylem formation (Cosgrove, 2005). In addition, other studies have shown an increase in the 
roo  plasma membrane perme bility in lants expose  to low Zn conditions (C kmak and 
Marschner, 1988b;Cakmak, 2000). Moreover, the transport of minerals through the apoplast 
from the root cell wall to the xylem is highly dependent on the cell wall cation exchange 
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capacity (CEC), the Casparian band formation and the water flow (Sattehmacher, 2001). 
These studies support our hypothesis that the increased permeability of the root cells under 
Zn deficiency is a result of the damage caused in the root cell wall by the Zn deficiency stress.
Pa-2 specific genes down-regulated in shoots after 12 days exposure to Zn deficiency 
were involved in very long-chain fatty acid (VLCFA) metabolism (Table S56). Among 
these transcripts we found four genes encoding ketoacyl-CoA synthase proteins: KCS1, 
KCS5 and KCS16 and FAH1 (Table 4) described as involved in cuticle development 
and biosynthesis of wax and VLCFA (Todd et al., 1999;Costaglioli et al., 2005;Kunst 
and Samuels, 2009;Nagano et al., 2012). The down-regulation of several transcripts 
involved in cuticle formation in Pa-2 shoots in response to Zn deficiency may be 
a result of its higher sensitivity Zn deficiency in comparison to Tsu-0 and Col-0.
Transcripts involved in plants response to metal ion were up-regulated in Pa-2 shoots 
after 4 days of exposure to Zn deficiency (Table S51). Among these transcripts were ZIP9, 
YSL1 and FER3 (Table 4). ZIP9 is a member of the ZIP Zn2+ transmembrane transporter 
family and YSL1 encodes a protein involved in the transport of Zn and other metals 
complexed with nicotianamine from senescing tissues to reproductive organs (Grotz et 
al., 1998;Waters et al., 2006;Waters and Grusak, 2008). Both were previously shown to be 
up-regulated in A. thaliana plants in response to Zn deficiency (Wintz et al., 2003;van de 
Mortel et al., 2006;Waters et al., 2006;Jain et al., 2013). FER3 encodes a ferritin protein 
involved in buffering Fe levels and preventing oxidative stress by sequestering the excess 
of Fe present in the cytoplasm (Petit et al., 2001;Ravet et al., 2009). FER3 up-regulation 
may reflect the increased Fe levels in the plant after short term exposure to Zn deficiency 
as a result of the strong up-regulation of Zn transporters which can also transport other 
divalent cations, such as IRT3 (Lin et al., 2009). Other transcripts involved in response 
to metal ion in Pa-2 shoots were NIT3 and SMH7 (Table 4) both demonstrated to be 
up-regulated under sulfur deficiency (Nikiforova et al., 2003;Falkenberg et al., 2008).
We also found that the NAC transcription factor family plays an important role in the stress 
response signalling pathways in Pa-2 shoots under Zn deficiency both after 4 and 12 days of 
exposure to Zn deficiency. Our results show an overrepresentation of genes which belong 
to the NAC transcription factor family among the Pa-2 specific core Zn deficiency responsive 
transcripts in shoots (Tables 4 and S58). The gene ATAF1 was previously shown to be up-
regulated in response to wounding and ABA and to be involved in abiotic and biotic stress 
response in A. thaliana (Wu et al., 2009). NAC3 is involved in leaf senescence (Balazadeh et 
al., 2011), NAC036 is involved in leaf and stem inflorescence growth and development (Kato 
et al., 2010) and RD26 acts in the ABA-mediated response to desiccation (Fujita et al., 2004). 
In roots of Pa-2 we found 44 genes with a significant change in expression in both time 
points (Table S49). No biological processes were overrepresented in the Pa-2 specific core 
Zn deficiency responsive genes in roots. Based on the hierarchical clustering analysis we 
identified two genes clusters with different expression patterns in roots of the accession 
Pa-2 (Figure 12). Cluster 9 consisted of genes strongly up-regulated in Pa-2 roots after 4 days 
and strongly down-regulated after 12 days (Figure 12A, Table S73). Surprisingly, this cluster 
had several genes which encoded proteins of unknown function, transposases (6), other 
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RNA encoding potential antisense genes or unknown proteins (6) and pseudogenes (1). In 
cluster 10, which was composed of transcripts strongly down-regulated in Pa-2 roots after 
12 days (Figure 12B, Table S74) we also found several genes encoding transposases and one 
pseudogene. One of the transposases which belongs to the CACTA-like transposable element 
family identified in this study was previously shown to have its expression altered in a ferritin 
mutant when exposed to excess Fe (Sudre et al., 2013). In addition, among the genes in cluster 
10 were three copia-like retrotransposons previously shown to regulate the expression of 
genes in A. thaliana by altering the chromatin status (Lippman et al., 2003;Madlung et al., 
2005;Nakahigashi et al., 2005). Previously we also observed the strong change in expression 
of transposases in roots of the accession Tsu-0 after 12 days of exposure to Zn deficiency. 
This indicates that Pa-2 induces changes in gene expression and in the genome structure 
as an adaptive response to the Zn deficiency stress in an earlier time point than Tsu-0.
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Figure 12: Clusters of transcripts selected for showing an accession specific differential 
pattern of expression in roots of Pa-2. Cluster 9 is composed of genes strongly up-regulated 
in Pa-2 roots after 4 days and strongly down-regulated after 12 days (A). Cluster 10 is 
composed of transcripts strongly down-regulated in Pa-2 roots after 12 days (B). Lines 
represent the transcripts overall trend of expression across the accessions and time points. 
Complete list of genes is shown in tables S73 and S74. 
 
In shoot tissue of the accession Pa-2 we found 73 genes with significant change in expression 
in response to the Zn deficiency treatment in both time points (Table S58). This set of core Zn 
deficiency responsive genes in Pa-2 shoot had an enrichment of genes from the NAC TF 
family similarly to our findings when analysing the Pa-2 specific genes in shoot. Based on the 
hierarchical clustering analysis we selected two genes clusters with a differential pattern of 
regulation for the accession Pa-2 in shoot tissue. Cluster 11 had transcripts strongly up-
regulated after 4 days and strongly down-regulated after 12 days in Pa-2 shoots (Figure 13A, 
Tables S75 and S76). Two transcripts in this cluster, LPXC2 and LPXC3, were involved in 
lipid A biosynthesis. Lipid A is an important component of the outer membrane in 
Escherichia coli and in A. thaliana it is targeted to the mitochondria but its exact function is 
not yet known (Li et al., 2011). Cluster 12 was composed of transcripts strongly up-regulated 
only in Pa-2 shoots after 4 days of exposure to Zn deficiency (Figure 13B, Table S77). In this 
cluster we found three genes involved in transmembrane receptor activity which encoded 
disease resistance proteins of the TIR-NBS-LRR class. These genes were mainly shown to be 
up-regulated in response to increased SA levels which is consistent with their role in defense 
responce and possibly other SA mediated processes (Meyers et al., 2003;Tan et al., 2007). We 
A B Cluster 9 Cluster 10 
Col-0  Tsu-0  Pa-2      Col-0  Tsu-0  Pa-2 
4 days                       12 days 
Col-0  Tsu-0  Pa-2      Col-0  Tsu-0  Pa-2 
4 days                       12 days 
Figure 12: Clusters of transcripts selected for showing an accession specific differential 
pattern of expression in roots of Pa-2. Cluster 9 is c mposed of g nes strongly up-regulated 
in Pa-2 roots after 4 days and strongly down-regulated after 12 days (A). Cluster 10 is 
composed of transcripts strongly down-regulated in Pa-2 roots after 12 days (B). Lines 
represent the transcripts overall trend of expression cross the accessions and time points. 
Complete list of genes is shown in table S73 and S74.
These results strengthen the indication that under Zn deficiency the accessions Tsu-0 
and Pa-2 induce changes in the genome structure and gene expression by up- and down-
regulating genes encoding transposases as an adaptive response to the Zn deficiency 
treatment. However, each accession induce  chang  in t e expression of a different group 
of transposases and in different time points. Furthermore, these findings may indicate that 
a higher sensitiveness to Zn deficiency is linked to changes in the regulation of transposases. 
In support to this hypothesis, the accession Tsu-0 induced the expression of transposases 
in roots and exhibit higher sensitivity to Zn deficiency in this organ. In addition, in the 
accession Pa-2 both roots and shoots were sensitive to Zn deficiency and we observed a 
strong induction of changes in the regulation of transposases in both organs in this accession.
In shoot tissue of the accession Pa-2 we found 73 genes with significant change in expression 
in response to the Zn deficiency treatment in both time points (Table S58). The set of core 
Zn deficiency responsive genes in Pa-2 shoot had an enrichment of genes from the NAC TF 
163
family similarly to our findings when analysing the Pa-2 specific genes in shoot. Based on 
the hierarchical clustering analysis we selected two genes clusters with a differential pattern 
of regulation for the accession Pa-2 in shoot tissue. Cluster 11 had transcripts strongly up-
regulated after 4 days and strongly down-regulated after 12 days in Pa-2 shoots (Figure 13A, 
Table S75 and S76). Two transcripts in this cluster, LPXC2 and LPXC3, were involved in lipid 
A biosynthesis. Lipid A is an important component of the outer membrane in Escherichia 
coli and in A. thaliana it is targeted to the mitochondria but its exact function is not yet 
known (Li et al., 2011). Cluster 12 was composed of transcripts strongly up-regulated only in 
Pa-2 shoots after 4 days of exposure to Zn deficiency (Figure 13B, Table S77). In this cluster 
we found three genes involved in transmembrane receptor activity which encoded disease 
resistance proteins of the TIR-NBS-LRR class. These genes were mainly shown to be up-
regulated in response to increased SA levels which is consistent with their role in defense 
responce and possibly other SA mediated processes (Meyers et al., 2003;Tan et al., 2007). 
We also found the gene COPT2 which encodes a high affinity Cu transporter protein induced 
under Fe and Cu deficiency in A. thaliana plants (Puig et al., 2007;Perea-Garcia et al., 2013).
Interestingly, in both clusters of Pa-2 shoots we found genes encoding transposases 
similarly to what we observed in Pa-2 and Tsu-0 roots. Cluster 12 contained three 
pseudogenes and two transposases. In cluster 11 we found several transcripts encoding 
transposases (5) and other RNA proteins of unknown function (3) and potential 
antisense genes (2). Two transposases present in this cluster encoded Sadhu non-coding 
retrotransposons: SADHU4-1 and SADHU 5-2. The transposase regulating the transposable 
element SADHU 4-1 was also found in Pa-2 roots among transcripts showing strong 
changes in regulation. Rangwala et al. (2006) examined several members of the Sadhu 
family of retrotransposons and proposed that epigenetic changes play an important role 
in the natural variation observed among them. The induction of transposases is also 
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Figure 13: Clusters of transcripts selected for showing an accession specific differential 
pattern of expression in shoots of Pa-2. Cluster 11 is composed of transcripts strongly up-
regulated after 4 days and strongly down-regulated after 12 days in Pa-2 shoots. Cluster 12 is 
composed of transcripts strongly up-regulated only in Pa-2 shoots after 4 days exposure to Zn 
deficiency. Lines represent the transcripts overall trend of expression across the accessions 
and time points. Complete list of genes is shown in tables S75 and S77. 
  
A B Cluster 11 Cluster 12 
Col-0  Tsu-0  Pa-2      Col-0  Tsu-0  Pa-2 
4 days                       12 days 
Col-0  Tsu-0  Pa-2      Col-0  Tsu-0  Pa-2 
4 days                       12 days 
Figure 13: Clusters of transcripts selected for showing an accession specific differential 
patt rn of expression in shoots of Pa-2. Cluster 11 is composed of tra scripts strongly up-
regulated after 4 days and strongly down-regulated after 12 days in Pa-2 shoots. Cluster 12 
is composed of transcripts strongly up-regulated only in Pa-2 shoots after 4 days exposure 
to Zn deficiency. Lines represent the transcripts overall trend of expression across the 
accessions and time points. Complete list of genes is shown in table S75 and S77.
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known to cause deleterious effects, such as gene deletion or insertion, chromosome 
rearrangement and changes in gene expression (Ma and Bennetzen, 2006;Ito, 2012).
Furthermore, our findings indicate that the accession Pa-2 has two groups of transposases 
with differential regulation under Zn deficiency. We observed that transcripts in clusters 9 
and 11 in shoots and roots of Pa-2 had strong contrasting patterns of expression between the 
studied time-points, whereas transcripts in cluster 12 in roots were strongly induced after 
12 days and had an expression level equal to the Zn sufficiency treatment after 4 days of 
exposure to Zn deficiency (Figure 12A, 13A and B). Castrillo et al. (2013) demonstrated that 
when exposed to As (V) A. thaliana plants up-regulated several genes encoding transposases 
and the up-regulation of the transcription factor WRKY6 induced the down-regulation of the 
transposons. This may indicate that transcripts present in these clusters are regulated by 
different regulatory elements, but further studies are needed to confirm this hypothesis.
4. Conclusion
At the physiological level the accession Col-0 had a high tolerance to Zn deficiency in both 
shoot and root tissue. Tsu-0 shoots were more tolerant to Zn deficiency, while its roots were 
more sensitive. The accession Pa-2 was more sensitive to Zn deficiency in root and shoot 
tissue in comparison to the other accessions. We found evidence that in the three accessions 
studied tissues with a higher tolerance to Zn deficiency induced less changes in the ionome 
when exposed to Zn deficiency in comparison to sensitive tissues. At the transcriptional 
level the differential regulation of transcripts involved in defence response between the 
studied accessions may be related to a high level of tolerance to Zn deficiency. The stronger 
induction of defensin and defensin-like genes in roots and shoots of the accession Col-0 
coincided with the high tolerance to Zn deficiency in this accession roots. Differences in 
root growth between accessions may be linked to the observed differential regulation of 
transcripts involved in auxin biosynthesis and transport. Accessions showed differences in 
the regulation of transcripts involved in carbohydrate and glucosinolates metabolism and 
programmed cell death. In the accession Col-0 the differential regulation of protein kinases 
seems to play a role in separating the abiotic and biotic stress response which may be linked 
to its high tolerance to Zn deficiency in both shoots and roots. The up-regulation of transcripts 
involved in toxin catabolism in Tsu-0 shoot may be involved with its high tolerance to Zn 
deficiency in this tissue. Tsu-0 high tolerance to Zn deficiency in shoots may also be linked 
to the differential regulation of ERF TFs shown to be involved in shoot growth and plants 
increased tolerance to abiotic and biotic stresses. The down-regulation of genes involved 
in cell wall structure in Pa-2 roots may reflect its high sensitiveness to Zn deficiency in this 
tissue. Furthermore, the differential regulation of transcripts encoding histone proteins, 
transposases and antisense silencing elements in the studied accessions under low Zn indicate 
their role in the accessions specific adaptation to Zn deficiency stress response. Finally, 
our study provides an overview of the transcripts involved in the regulation of biological 
processes which may play a role in differences in Zn deficiency tolerance observed between 
the studied accessions. Future studies focusing on A. thaliana knock out lines of these 
genes will provide valuable information about their exact role in tolerance to Zn deficiency.
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Supplemental data
Due to the extensive length of the supplemental tables containing the accession-specific 
genes and cluster genes lists they were not printed with this thesis. The following 
tables are available only online: S6, S8, S10, S12, S14, S16, S18, S20, S22, S24, S25, S27, 
S29, S31, S33, S34, S36, S37, S39, S41, S43, S44, S45, S47, S49, S50, S52, S54, S56, S58, 
S59, S61, S63, S65, S67, S60, S70, S71, S 73, S74, S75, and S77. All the supplemental 
tables can be accessed online in the google docs page created for this thesis in the 
folder correspondent to this chapter using the following link and user information:
Link: https://accounts.google.com/ 
Username: atala.thesis@gmail.com
Password: arabidopsis
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Trait Treatment Accession Treatment * Accession
SDW (mg) F
1,1
 = 94.940, P = 0.000 F
1,2
 = 13.155, P = 0.000 F
1,2
 = 0.565, P = 0.571
RDW (mg) F
1,1
 = 295.411, P = 0.000 F
1,2
 = 10.623, P = 0.000 F
1,2
 = 12.272, P = 0.000
Shoot [Zn] F
1,1
 = 1040.048, P = 0.000 F
1,2
 = 1.527, P = 0.225 F
1,2
 = 1.032, P = 0.362
Root [Zn] F
1,1
 = 295.411, P = 0.000 F
1,2
 = 10.623, P = 0.000 F
1,2
 = 12.272, P = 0.000
Shoot Zn cont. F
1,1
 = 1275.755, P = 0.000 F
1,2
 = 12.303, P = 0.000 F
1,2
 = 6.853, P = 0.002
Root Zn cont. F
1,1
 = 310.742, P = 0.000 F
1,2
 = 19.295, P = 0.000 F
1,2
 = 20.460, P = 0.000
Shoot ZnUI F
1,1
 = 148.031, P = 0.000 F
1,2
 = 13.691, P = 0.000 F
1,2
 = 7.566, P = 0.001
Root ZnUI F
1,1
 = 142.904, P = 0.000 F
1,2
 = 2.111, P = 0.129 F
1,2
 = 3.005, P = 0.056
Root/Shoot ratio F
1,1
 = 31.240, P = 0.000 F
1,2
 = 13.426, P = 0.000 F
1,2
 = 3.499, P = 0.036
Trait Accession
Rel. change SDW F
1,2
 = 2.752, P = 0.078
Rel. change RDW F
1,2
 = 8.682, P = 0.001
Rel. change Shoot [Zn] F
1,2
 = 0.168, P = 0.846
Rel. change Root [Zn] F
1,2
 = 11.158, P = 0.000
Rel. change Shoot Zn cont. F
1,2
 = 2.429, P = 0.104
Rel. change Root Zn cont. F
1,2
 = 12.618, P = 0.000
Table S2: Results of the two-way ANOVA analysis performed for shoot dry weight (SDW), 
root dry weight (RDW), shoot Zn concentration (shoot [Zn]), root Zn concentration 
(root [Zn]), shoot Zn content (shoot Zn cont.), root Zn content (root Zn cont.), shoot Zn 
usage index (shoot ZnUI), root Zn usage index (root ZnUI) and root/shoot ratio to test 
for significant differences between treatments, accessions and the interaction between 
treatments and accessions, with a cut-off for significance of P<0.05.
Table S3: Results of the one-way ANOVA analysis performed for relative change in shoot 
dry weight (Rel. SDW), root dry weight (Rel. RDW), shoot Zn concentration (Rel. Shoot 
[Zn]), root Zn concentration (Rel. Root [Zn]), shoot Zn content (shoot Zn cont.) and root Zn 
content (root Zn cont.) to test for significant differences between accessions, with a cut-off 
for significance of P<0.05.
169
Shoot element 
concentrations
Treatment Corr. P Accession Corr. P Treatment*Accession Corr. P
B
F
1,1
 = 3.475
P = 0.067
0.080
F
1,2
 = 3.205
P = 0.047
0.056
F
1,2
 = 1.003
P = 0.372
0.496
Na
F
1,1
 = 19.231
P = 0.000
0.000
F
1,2
 = 3.735
P = 0.029
0.039
F
1,2
 = 4.247
P = 0.018
0.043
Mg
F
1,1
 = 21.598
P = 0.000
0.000
F
1,2
 = 48.101
P = 0.000
0.000
F
1,2
 = 7.329
P = 0.001
0.012
P
F
1,1
 = 8.426
P = 0.005
0.007
F
1,2
 = 25.520
P = 0.000
0.000
F
1,2
 = 3.879
P = 0.026
0.045
S
F
1,1
 = 34.384
P = 0.000
0.000
F
1,2
 = 16.508
P = 0.000
0.000
F
1,2
 = 4.358
P = 0.017
0.051
K
F
1,1
 = 41.504
P = 0.000
0.000
F
1,2
 = 42.778
P = 0.000
0.000
F
1,2
 = 7.652
P = 0.001
0.006
Ca
F
1,1
 = 1.447
P = 0.233
0.254
F
1,2
 = 39.387
P = 0.000
0.000
F
1,2
 = 3.200
P = 0.047
0.071
Mn
F
1,1
 = 47.084
P = 0.000
0.000
F
1,2
 = 8.663
P = 0.000
0.000
F
1,2
 = 0.865
P = 0.426
0.465
Fe
F
1,1
 = 27.833
P = 0.000
0.000
F
1,2
 = 2.829
P = 0.063
0.069
F
1,2
 = 3.922
P = 0.025
0.050
Cu
F
1,1
 = 117.847
P = 0.000
0.000
F
1,2
 = 9.239
P = 0.000
0.000
F
1,2
 = 0.472
P = 0.626
7.512
Mo
F
1,1
 = 0.318
P = 0.575
6.900
F
1,2
 = 116.508
P = 0.000
0.000
F
1,2
 = 8.226
P = 0.001
0.004
Zn
F
1,1
 = 1018.584
P = 0.000
0.000
F
1,2
 = 1.465
P = 0.239
2.868
F
1,2
 = 0.998
P = 0.374
0.449
Table S4: Results of the two-way ANOVA analysis performed for shoot element 
concentrations to test for significant differences between treatment, accession and the 
interaction between treatment and accession (n = 12 independent plants). We performed 
a Benjamini-Hochberg multiple comparisons correction and the corrected P values (Corr. P) 
for each comparison are shown.
170
Root element 
concentrations
Treatment Corr. P Genotype Corr. P Treatment*Genotype Corr. P
B
F
1,1
 = 2.302
P = 0.134
0.230
F
1,2
 = 1.180
P = 0.314
0.343
F
1,2
 = 1.128
P = 0.330
0.360
Na
F
1,1
 = 1.202
P = 0.277
0.332
F
1,2
 = 1.775
P = 0.177
0.236
F
1,2
 = 4.384
P = 0.016
0.096
Mg
F
1,1
 = 15.484
P = 0.000
0.000
F
1,2
 = 1.954
P = 0.150
0.225
F
1,2
 = 1.255
P = 0.292
0.389
P
F
1,1
 = 17.242
P = 0.000
0.000
F
1,2
 = 3.537
P = 0.035
0.084
F
1,2
 = 1.455
P = 0.241
0.362
S
F
1,1
 = 11.652
P = 0.001
0.002
F
1,2
 = 2.432
P = 0.096
0.192
F
1,2
 = 2.472
P = 0.092
0.184
K
F
1,1
 = 0.004
P = 0.952
11.424
F
1,2
 = 5.354
P = 0.007
0.028
F
1,2
 = 4.122
P = 0.021
0.084
Ca
F
1,1
 = 1.417
P = 0.238
0.317
F
1,2
 = 0.532
P = 0.590
7.080
F
1,2
 = 3.183
P = 0.048
0.115
Mn
F
1,1
 = 1.441
P = 0.234
0.351
F
1,2
 = 6.536
P = 0.003
0.018
F
1,2
 = 1.141
P = 0.326
0.391
Fe
F
1,1
 = 170.382
P = 0.000
0.000
F
1,2
 = 1.288
P = 0.283
0.340
F
1,2
 = 3.389
P = 0.040
0.120
Cu
F
1,1
 = 68.227
P = 0.000
0.000
F
1,2
 = 4.878
P = 0.011
0.033
F
1,2
 = 2.089
P = 0.132
0.226
Mo
F
1,1
 = 0.429
P = 0.515
0.562
F
1,2
 = 2.254
P = 0.113
0.194
F
1,2
 = 1.047
P = 0.357
4.284
Zn
F
1,1
 = 295.411
P = 0.000
0.000
F
1,2
 = 10.623
P = 0.000
0.000
F
1,2
 = 12.272
P = 0.000
0.000
Table S5: Results of the two-way ANOVA analysis performed for root element 
concentrations to test for significant differences between treatment, accession and the 
interaction between treatment and accession (n = 12 independent plants). We performed 
a Benjamini-Hochberg multiple comparisons correction and the corrected P values (Corr. P) 
for each comparison are shown.
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6. General discussion
The importance of Zn as an essential element for plants and other organisms is reflected in 
the wide range of biological processes in which Zn is involved. In the plant model species 
Arabidopsis thaliana between 1,200 and 2,400 proteins are estimated to bind, transport 
or contain Zn in their structure (Broadley et al., 2007;Hänsch and Mendel, 2009;Clemens, 
2010). Plants are sessile organisms, which in nature are often exposed to fluctuations in 
the level of nutrition, among other adverse conditions to which they have to adapt (Trontin 
et al., 2011). In order to cope with fluctuations in the Zn nutrition level, plants developed 
a mechanism of Zn homeostasis to tightly regulate its concentration in the cells, tissues 
and organs (Clemens et al., 2002). Plants facing Zn deficiency develop chlorosis and 
necrotic spots in leaves due to impaired photosynthesis and damage by reactive oxygen 
species (ROS) accompanied with reduced growth, crop yield and Zn concentration in edible 
parts (Marschner, 1995). The World Health Organization and the Food and Agriculture 
Organization estimate that one third of the world population suffers from mild to severe Zn 
deficiency (W.H.O. and F.A.O., 2006). In addition, many agricultural soils world-wide have 
low Zn availability (Cakmak, 2007;Alloway, 2009). Since plants are an important component 
of the human diet, improving plant Zn concentration and Zn deficiency tolerance are of 
paramount importance. Such improvements will enable the selection of crop varieties 
more resistant to adverse environmental conditions and with a higher Zn nutritional level.
Studies using plants natural variation found large intra- and inter-specific variation for 
Zn concentration and in the ability of plants to tolerate Zn deficiency (Broadley et al., 
2007;Wu et al., 2007;Chen et al., 2009;Broadley et al., 2010;Cakmak et al., 2010;Chaab et 
al., 2011;Richard et al., 2011;Baxter et al., 2012;Souza et al., 2014). However, a detailed 
characterization of the mechanisms underlying differences in Zn deficiency tolerance in 
roots and shoots has not been performed. In addition, previous studies which investigated 
the response to Zn deficiency at the transcriptional level were limited to only one A. 
thaliana accession and one time point (Wintz et al., 2003;Talke et al., 2006;van de Mortel 
et al., 2006;van de Mortel et al., 2008;Assunção et al., 2010). Therefore, the separation 
between a species general and genotype specific transcriptional regulation of the response 
to Zn deficiency and the time scale of the induced changes have not yet been reported.
This thesis addressed the possible mechanisms involved in natural variation for Zn deficiency 
tolerance in shoots and roots using a set of twenty diverse A. thaliana accessions considering 
changes in growth, ionome, gene expression level and root morphology. To further investigate 
the transcripts involved in the general and accession specific response to Zn deficiency we 
selected three A. thaliana accessions with contrasting tolerance to Zn deficiency for a whole 
genome transcriptional analysis evaluating roots and shoots in two time points. The choice for 
A. thaliana as a model organism in this study was based on its wide geographical distribution 
and natural variation for several traits combined with the already well-established genome 
sequencing technologies and genetic and molecular tools (Alonso-Blanco and Koornneef, 
2000;Alonso-Blanco et al., 2009;Atwell et al., 2010;Koornneef and Meinke, 2010;Weigel, 2011).
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1.1. Processes involved in Zn deficiency tolerance at the shoot and root level
In order to identify possible mechanisms involved in Zn deficiency tolerance we analysed in 
detail the changes induced by Zn deficiency in roots and shoots in a diverse set of twenty 
A. thaliana accessions as described in chapters 2 and 3. Tolerance to Zn deficiency was 
measured based on the change in biomass and Zn concentration in shoots and roots of 
plants grown under Zn deficiency relative to the Zn sufficiency treatment and Zn usage 
index (ZnUI). The trait ZnUI shows the amount of dry biomass produced per unit of Zn in 
the tissue and enables the comparison of plant genotypes which do not show significant 
differences in Zn concentration, but differ in biomass production under Zn deficiency 
(Siddiqi and Glass, 1981;Marschner, 1995;Cakmak et al., 1998;Good et al., 2004;Genc et 
al., 2006). We demonstrated that differences in Zn deficiency tolerance both at the root 
and shoot level appear to result from differences in the minimum Zn concentration needed 
by each A. thaliana accession to maintain growth. Accessions showed a larger variation 
for ZnUI and shoot and root biomass change in response to Zn deficiency than for Zn 
concentration. This indicates that differences in ZnUI between accessions reflect their ability 
of producing more or less biomass using similar Zn concentrations. Previous studies using 
wheat, barley and rice have also shown that genotypes with different levels of Zn deficiency 
tolerance had similar shoot Zn concentrations and a larger variation in biomass production 
when grown under Zn deficiency conditions (Cakmak et al., 1998;Rengel, 2001;Genc 
et al., 2002;Hacisalihoglu et al., 2003;Wissuwa et al., 2006;Sadeghzadeh et al., 2009).
At the shoot level differences in the expression of genes encoding Zn transmembrane 
transporters (IRT3, ZIP3 and 4) are also involved in tolerance to Zn deficiency in plants. 
The A. thaliana genes IRT3, ZIP3 and 4 are members of the ZIP family of transmembrane 
transporter proteins known to be induced in both roots and shoots of plants exposed 
to Zn deficiency (Grotz et al., 1998;Wintz et al., 2003;van de Mortel et al., 2006;Lin 
et al., 2009;Assunção et al., 2010;Milner et al., 2013). However, to date not so much 
information is known about their exact function in the process of Zn homeostasis which 
is also intriguing mainly because they are not only expressed in roots but also in shoots 
(Sinclair and Kramer, 2012). We analysed how these genes responded to the Zn deficiency 
treatment in shoots of eight A. thaliana accessions with contrasting levels of tolerance 
to Zn deficiency. The expression levels of ZIP3 and 4 were positively correlated with ZnUI 
and shoot dry weight (SDW) and negatively correlated with Zn concentration in shoots 
of plants grown under mild Zn deficiency. Under severe Zn deficiency ZnUI was positively 
correlated with ZIP4 and IRT3. Furthermore, we showed that the expression level of these 
genes increased significantly in response to both Zn deficiency treatments, but significant 
difference between the accessions was observed only under severe Zn deficiency. These 
findings suggest that the increased expression of these genes in accessions tolerant to 
Zn deficiency enabled them to translocate more Zn from roots to shoots and distribute 
it more strategically among the shoot tissues. Likewise to our findings, this would lead to 
an increase in shoot biomass production while Zn concentration does not change. Other 
authors have previously reported that genotypes with a higher ability of translocating Zn 
from roots to shoots were more tolerant to Zn deficiency (Rengel and Graham, 1995;Rengel, 
2001;Singh et al., 2005). Investigating the exact function of these genes in shoots should 
help with the understanding of mechanisms underlying Zn deficiency tolerance in plants.
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We also used this group of eight A. thaliana accessions with contrasting tolerance to Zn 
deficiency to study differences in the expression level of two genes involved in the plants 
response to ROS and ability to maintain photosynthesis. Previous studies have suggested that 
plants better ability to detoxify the ROS formed under low Zn conditions results in a higher 
tolerance to Zn deficiency by decreasing the oxidative damage to several vital cell components 
such as DNA, membranes and organelles (Cakmak, 2000;Rengel, 2001). We investigated the 
gene CSD2 encoding a Cu/Zn superoxide dismutase enzyme which uses Zn as an structural 
component and is involved in the scavenging of ROS (Sunkar et al., 2006). We also studied 
the gene CA2 encoding a carbonic anhydrase enzyme which needs Zn as a co-factor and is 
necessary for the CO
2 
diffusion through the liquid phase of the cell to the chloroplast during 
photosynthesis (Ferreira et al., 2008). Previous studies have shown that Zn deficiency tolerant 
genotypes are able to maintain CA2 activity under low Zn conditions and hence higher 
photosynthesis rates and biomass production (Rengel and Graham, 1995;Hacisalihoglu et 
al., 2003). Both genes (CSD2 and CA2) are known to have their expression decreased under 
low Zn conditions (Sharma et al., 2004;Li et al., 2013). We found that the expression level of 
CSD2 and CA2 was reduced under Zn deficiency in comparison to Zn sufficiency in almost all 
A. thaliana accessions. Furthermore, variation between the accessions for the expression 
levels of these genes was observed only under severe Zn deficiency conditions and was 
not correlated with a higher tolerance to Zn deficiency (chapter 2). In contrary to previous 
studies, these findings indicate that accessions higher tolerance to Zn deficiency is not 
related to their ability of maintaining the activity of these enzymes under conditions of Zn 
deficiency. Thus, the increased tolerance to Zn deficiency as a result of plants better ability 
of detoxifying the ROS formed under low Zn may result from the increased activity of other 
enzymes involved in this process, such as peroxidases and glutathione reductases. Studies 
have demonstrated the increased activity of peroxidases and other enzymes involved in ROS 
detoxification under Zn deficiency and their possible contribution to a higher tolerance to Zn 
deficiency in plants (Sharma et al., 2004;Chen et al., 2009;Rose et al., 2012;Li et al., 2013).
At the root level differences between the accessions ability to maintain root growth and to 
produce lateral roots when exposed to Zn deficiency play a role in Zn deficiency tolerance. 
Our findings show that not all A. thaliana accessions grown hydroponically which had a higher 
or lower percentage of decrease in root dry weight (RDW) also had higher or lower decrease 
in root total length (RTL). This may indicate that accessions with a lower RDW and higher RTL 
had a larger number of lateral roots. Richard et al. (2011) have also demonstrated that the Zn 
deficiency treatment has an effect on the formation of lateral roots in different A. thaliana 
accessions. Moreover, in the agar plates experiment we showed that the number of lateral 
roots (NLR) was positively correlated with RTL and root surface area (RSA) in the Zn deficiency 
treatment. This shows that accessions with a small decrease in NLR also had a small decrease 
in the RTL under Zn deficiency in comparison to the other accessions. Hence, accessions 
higher ability of maintaining root growth and the formation of lateral roots under low Zn 
conditions have a higher tolerance to Zn deficiency. In chapter 5 we found genes involved in 
auxin biosynthesis and transport showing a differential regulation between three accessions 
with contrasting tolerance to Zn deficiency. The plant growth hormone auxin is associated 
with lateral root formation and axillary branching (Potters et al., 2009). The accession Col-0 
which showed a small decrease in root growth induced the expression of genes involved 
in auxin biosynthesis. On the other hand, the other two accessions (Tsu-0 and Pa-2) which 
had a strong decrease in root growth under Zn deficiency only showed an increase in the 
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expression of genes involved in auxin transport but not in auxin biosynthesis as Col-0. This 
may indicate that the differential regulation of genes involved in auxin biosynthesis and 
transport also has an effect in the differences in root growth between the studied accessions.
Based on our findings in chapters 2 and 3 and previous studies we concluded that 
several mechanisms act together in order to achieve a higher tolerance to Zn deficiency 
in plants. We found that in A. thaliana tolerance to Zn deficiency is related to differences 
in the minimum Zn concentration required for growth, Zn translocation and distribution 
in shoots, formation of lateral roots and ability to maintain root growth. Additional 
mechanisms suggested by other authors as important for Zn deficiency tolerance are: 
ability to solubilise the non-available Zn present in the soil, higher Zn uptake capacity, more 
efficient utilization and compartmentalization of Zn within the plant and a higher ability 
of detoxifying the ROS formed under low Zn conditions (Cakmak et al., 1996;Cakmak, 
2000;Rengel, 2001;Gao et al., 2005;Genc et al., 2006;Hoffland et al., 2006;Wissuwa et al., 
2006;Chen et al., 2009;Impa et al., 2013a;Impa et al., 2013b). For a better understanding 
of the mechanisms underlying Zn deficiency tolerance future studies should investigate 
these mechanisms not covered in this research using natural variation in A. thaliana.
With the purpose of examining the changes induced by Zn deficiency and mechanisms 
involved in Zn deficiency tolerance at the whole genome transcriptional level we used Col-
0 as a reference accession and selected other two A. thaliana accessions with contrasting 
Zn deficiency tolerance based on our findings in chapter 2. Changes in shoot biomass in 
response to Zn deficiency in the accessions indicated that Tsu-0 was more tolerant to Zn 
deficiency while Pa-2 was more sensitive. However, when we did a detailed characterization 
of the response of these three accessions to Zn deficiency both at the shoot and root level 
accessions showed larger differences in tolerance to Zn deficiency in roots than in shoots as 
described in chapter 5. At the shoot level both Tsu-0 and Pa-2 continued showing the highest 
and lowest tolerance to Zn deficiency, respectively. On the other hand, at the root level Tsu-
0 had the strongest decrease in root biomass in response to Zn deficiency followed by Pa-2 
and Col-0. Based on these findings we decided to consider the accession Col-0 as tolerant to 
Zn deficiency in both shoots and roots, Tsu-0 as tolerant in shoots and sensitive in roots and 
Pa-2 as sensitive in both shoots and roots. By investigating the response of these three A. 
thaliana accessions to Zn deficiency in roots and shoots at two time points after exposure to 
Zn deficiency we aimed to fill the gap in previous Zn deficiency transcriptome studies which 
focused on only one A. thaliana accession. In addition, little is known about these transcriptional 
changes over time and in both roots and shoots (Wintz et al., 2003;Talke et al., 2006;van de 
Mortel et al., 2006;van de Mortel et al., 2008;Assunção et al., 2010;Milner et al., 2013).
1.2. The general transcriptional regulation of Zn deficiency homeostasis
In order to study the general response to Zn deficiency described in chapter 4 of this thesis 
we selected the transcripts showing significant change in expression which overlapped 
between the three A. thaliana accessions studied. In line with other studies we observed 
the up-regulation of several Zn deficiency homeostasis genes among the general Zn 
deficiency responsive transcripts in both roots and shoots (Wintz et al., 2003;Talke et al., 
2006;van de Mortel et al., 2006;Assunção et al., 2010;Sinclair and Kramer, 2012;Milner 
et al., 2013). The roots play an essential role in nutrients and water acquisition as they 
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mediate the interface between the soil and the plant (Osmont et al., 2007). Hence the 
roots are able to sense differences in the availability of Zn and other mineral nutrients and 
activate the correspondent signalling pathway, while shoots will only sense Zn deficiency 
when roots are no longer able to supply the required Zn translocation to shoots. Hence 
the roots are expected to respond faster to sudden drops in Zn availability than shoots. 
In agreement with this we demonstrated that at the earlier of two time points (4 days 
after Zn deficiency exposure) Zn deficiency responsive genes were up-regulated only in 
roots, while in the later time point (12 days after Zn deficiency exposure) they were up-
regulated in both root and shoot tissues. Furthermore, the up-regulation of several genes 
encoding Zn transmembrane transporters in response to the Zn deficiency treatment in 
roots indicate that they may play different roles in the process of Zn up-take and transport. 
Either by being present in different regions of the root or localized at the plasma membrane 
of different root cells/tissues. This has also been proposed by van de Mortel et al. (2006) 
who had similar findings while investigating the changes induced by Zn deficiency at the 
transcriptional level in roots of the A. thaliana accession Col-0. Future studies focusing 
on the exact localization of these Zn transmembrane transporter proteins in roots will be 
important for the detailed understanding of the Zn uptake and transport mechanism in roots.
The cross-talk between Zn and Fe has been widely described in several studies and was also 
observed in our study (Chapter 4) (van de Mortel et al., 2006;Baxter et al., 2008b;Shanmugam 
et al., 2011;Gruber et al., 2013). We demonstrate that the accessions common response to 
Zn deficiency at the early time point involves the down-regulation of several Fe homeostasis 
genes in both roots and shoots. This corresponds well with the observed increase in shoot Fe 
concentration and decrease in root Fe concentration we observed in the accessions following 
exposure to Zn deficiency (Chapters 2, 3 and 5). This increase in Fe concentration in shoots 
have previously been attributed to the uptake of Fe by low specificity Zn transmembrane 
transporters, such as IRT3, ZIP3, 11 and 12 which can also transport other divalent cations 
(Lin et al., 2009;Yang et al., 2010;Milner et al., 2013;Shanmugam et al., 2013). On the other 
hand, the observed decrease in Fe concentration in roots probably result from the strong 
decrease in expression of genes involved in Fe homeostasis after plants were exposed to Zn 
deficiency. Moreover the observed down-regulation of Fe homeostasis genes in the early 
time point in both roots and shoots and the up-regulation of Zn deficiency homeostasis 
genes only in roots indicates that the activation of the Fe homeostasis genes transcriptional 
network is faster and more tightly controlled than the Zn signaling pathway in A. thaliana. 
This finding indicates that there are differences in the speed of activation and signaling 
of different elements. The Zn deficiency response in A. thaliana is partially regulated by 
the transcription factors (TFs) bZIP19 and bZIP23 (Assunção et al., 2010). These two TFs 
have been shown to regulate the expression of several members of the ZIP proteins and 
are hypothesized to initiate the response to Zn deficiency in A. thaliana by sensing the 
cellular Zn levels (Sinclair and Kramer, 2012;Assunção et al., 2013;Choi and Bird, 2014).
The general response to Zn deficiency in the three A. thaliana accessions studied induced 
the differential regulation of several circadian clock genes. This indicates the role of circadian 
clock genes in the response of plants to different levels of Zn nutrition. Other studies 
focused on the regulation of genes involved in Fe homeostasis have shown that the A. 
thaliana genes YSL2, IRT1, FRO2, BHLH39 and FER1 have a diurnal regulation of transcription 
(Vert et al., 2002;Schaaf et al., 2006;Hong et al., 2013). These authors demonstrated that 
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the mechanism underlying this response reflected the requirement of energy supply for 
the nutrient transporters and subsequent metabolic pathways which is obtained from 
photoassimilates and coordinated by the circadian clock. In addition, more recently Chen et 
al. (2013b) showed that Fe deficient plants have a longer circadian period which is regulated 
by the genes LHY (Late elongated hypocotyl) and CCA1 (Circadian clock associated1). The 
genes LHY and CCA1 are key components of the circadian clock in A. thaliana and important 
for its correct regulation (Harmer, 2009;Hsu and Harmer, 2014). In our study, the gene 
LHY was down-regulated after 4 days and up-regulated after 12 days in shoots of all three 
A. thaliana accessions, while in roots it had the opposite pattern of regulation (Chapter 
4). In addition, among the general Zn deficiency responsive transcripts we found that in 
shoots other transcripts which are regulated by the circadian clock were down-regulated 
at both time points. Among these genes were TFs which belong to the C2C2-CO-like or 
CONSTANS LIKE family previously shown to be controlled by the circadian clock and affect 
meristem identity (Putterill et al., 1995;Ledger et al., 2001;Griffiths et al., 2003;Andres and 
Coupland, 2012). This may indicate that similarly to Fe the regulation of Zn homeostasis 
under Zn deficiency has an effect on the plant circadian rhythm. As plants were harvested 
always at the same time in our experiment the clock dependent pattern of expression 
of the C2C2-CO-like TFs should be the same at both time points. Further studies using a 
detailed time point experimental set up may enable the identification of Zn homeostasis 
genes which have their expression pattern regulated by the circadian clock or changes in 
the regulation of the circadian clock regulated genes as a result of the low Zn treatment.
Among the accessions general and specific transcripts we also found several plant defensins 
and defensin-like genes. Plant defensins and defensin-like genes encode cysteine-rich 
proteins with a globular three-dimensional structure stabilized by disulfide bonds (Thomma 
et al., 2002;Silverstein et al., 2005). A. thaliana has two families of defensin genes, AtPDF1 
and AtPDF2. In addition more than 300 genes have been annotated as encoding defensin-
like proteins in plants (Thomma et al., 2002;Silverstein et al., 2005). Defensins and defensin-
like genes have been demonstrated to play a role in several biological processes, including 
the response to biotic stresses (Terras et al., 1995;Penninckx et al., 1996;Thevissen et 
al., 1999;Stotz et al., 2009;De Coninck et al., 2010;De Coninck et al., 2013) and in some 
cases abiotic stresses (Koike et al., 2002;Mee Do et al., 2004;Mirouze et al., 2006). Studies 
investigating the Zn and Cd hyperaccumulator Arabidopsis halleri found that PDF1 defensins 
are constitutively expressed in roots of these plants (Mirouze et al., 2006). These authors 
demonstrated for the first time that defensins play a role in Zn homeostasis by showing that 
the overexpression of a defensin gene (PDF1.1) is able to confer tolerance to high Zn levels 
in A. thaliana and yeast (Mirouze et al., 2006). Around the same time van de Mortel et al. 
(2006) also described the strong up-regulation of PDF1 defensin genes in roots of A. thaliana 
plants exposed to Zn deficiency. Other studies also reported the differential expression 
of defensins and defensin-like genes in response to Mo (PDF2.1), Fe (defensin-like gene) 
and K (PDF1.2c) deficiency and drought (PDF1.2) (Armengaud et al., 2004;Buckhout et al., 
2009;Ide et al., 2010;Des Marais et al., 2012). In our study we found the strong up-regulation 
of PDF1 and PDF2 defensins and defensin-like genes both among the accessions common 
and specific transcripts in both roots and shoots (Chapters 4 and 5). The accession Col-0 
had more defensin and defensin-like genes highly up- and down-regulated in response to 
Zn deficiency in roots and shoots in comparison to Tsu-0 and Pa-2 which were considered 
more sensitive to Zn deficiency. This suggests that the differential regulation of defensin and 
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defensin-like genes may result in a higher tolerance to Zn deficiency. However, the exact role 
of defensins in Zn homeostasis is not known and further studies investigating the exact role 
of these proteins in the Zn homeostasis network with the use of knock-out lines are needed.
Exposure to Zn deficiency induces the formation of reactive oxygen species (ROS) in plants 
as a result of the stress which in combination with the impaired function of ROS scavenging 
enzymes may lead to damage. Examples of such enzymes are Cu/Zn superoxide dismutase 
(Cu/ZnSOD) which needs Zn as a structural component and has its activity reduced in 
plants exposed to Zn deficiency (Lindskog, 1997;Cakmak, 2000;Fabre et al., 2007). In line 
with this the reduced expression of the gene CSD2 encoding a Cu/Zn SOD was observed 
in shoots of several A. thaliana accessions when exposed to Zn deficiency as described 
in chapter 2. The formation of ROS has been described in plants both as a response to 
abiotic and biotic stresses (Fujita et al., 2006). It creates a signal that triggers downstream 
transcriptional changes from which many will overlap between biotic and abiotic stress 
(Fujita et al., 2006). We found transcripts involved in ROS scavenging being differentially 
regulated in the A. thaliana accessions in response to the Zn deficiency treatment (Chapters 
4 and 5). Other studies investigating plants response to Zn deficiency have also reported 
the differential regulation of transcripts involved in ROS scavenging in plants exposed to 
low Zn (van de Mortel et al., 2006;Chen et al., 2009;Li et al., 2013). Furthermore, several 
studies investigating the ecological relevance of Zn hyperaccumulation for plant species 
such as Noccea caerulescens have proposed a cross talk between ROS and the induction of 
responses to biotic and abiotic stresses (Fones et al., 2010;Fones et al., 2013;Hoerger et al., 
2013). These authors proposed that hyperaccumulator plants are more resistant to pathogen 
attack due to the cross talk between abiotic and biotic stress responses mediated by the 
ROS. We hypothesize that under Zn deficiency a similar mechanism takes place supported by 
the observed differential regulation of genes involved in defence response and biotic stress 
response in the three A. thaliana accessions studied. This would mean that abiotic stress 
and defence response genes are induced or repressed as an indirect effect of the formation 
of ROS by the Zn deficiency stress. However, further studies are necessary to elucidate the 
cross-talk between ROS, Zn deficiency stress, and defence and abiotic stress responses.
In plants soluble sugars play an important role in the supply of carbohydrates from source 
to sink tissues (Rosa et al., 2009). Soluble sugars can also act on the sensing and signaling 
of abiotic and biotic stress conditions through the plant which may result in changes of 
carbon portioning as an adaptive response (Gill et al., 2003;Rosa et al., 2009;Ahmad et 
al., 2012;Morkunas and Ratajczak, 2014;Tauzin and Giardina, 2014). The changes in sugar 
concentrations in plants exposed to stress conditions can occur due to changes in CO
2 
assimilation as a result of disruption in chloroplast structure or blocking of chloroplast 
electronic transport, activation of antioxidant enzymes, inhibition or delay in the activity 
of enzymes involved in sucrose-starch portioning or increased expression of sucrose 
synthesis enzymes, among other factors (Rosa et al., 2009). Changes in biomass allocation 
between roots and shoots have been demonstrated in A. thaliana plants exposed to N and P 
deficiency (Hermans et al., 2006). In this thesis the three A. thaliana accessions investigated 
in detail at the transcriptional level had differences in biomass allocation when exposed 
to the Zn deficiency treatment (chapter 5). Among the accessions general transcriptional 
changes at an early stage after exposure to Zn deficiency we found the up-regulation of 
transcripts involved in starch catabolism in shoots and the down-regulation of genes 
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involved in carbohydrate metabolism in roots (chapter 4). In addition, accession specific 
transcripts were involved in the regulation of carbohydrate metabolism (chapter 5). Tsu-
0 up-regulated transcripts involved in carbohydrate metabolism in shoot tissue under Zn 
deficiency which may be linked to its higher ability of maintaining shoot growth under Zn 
deficiency in comparison to the other accessions. Furthermore, Tsu-0 and Col-0 down-
regulated transcripts involved in response to carbohydrate in a late time point after exposure 
to Zn deficiency which may be related to the signaling role of sugars under stress conditions.
Some of the genes involved in carbohydrate metabolism present among the accessions’ 
common and specific transcripts were involved in glucosinolate metabolism (chapters 4 
and 5). Glucosinolates are secondary metabolites abundantly found in plant species of the 
Brassicaceae family which play a role in the plant defense against herbivores (Bones and 
Rossiter, 1996;Bednarek et al., 2009). The accessions common response to Zn deficiency 
involved the induction of glucosinolate catabolism and reduction of glucosinolate 
biosynthesis in roots of all three A. thaliana accessions at an early stage after exposure to Zn 
deficiency (chapter 4). However, the accession-specific response to Zn deficiency involved the 
induction of glucosinolate biosynthesis genes in shoot tissue of the accession Tsu-0, whereas 
in Col-0 and Pa-2 genes involved in glucosinolate degradation and biosynthesis inhibition 
were transcriptionally induced (chapter 5). The reduction in glucosinolates biosynthesis 
may result from the overlap between glucosinolates and auxin biosynthesis pathways in 
plants. Indole-glucosinolates and the auxin indol-3-acetic acid (IAA) are both derived from 
the same compound, tryptophan, which indicates that glucosinolates metabolism and 
plant growth are integrated and may explain the differential regulation of these genes 
in the three A. thaliana accessions when exposed to Zn deficient conditions (Grubb and 
Abel, 2006). The plant growth hormone auxin is associated with lateral root formation and 
axillary branching (Potters et al., 2009). The reduction in glucosinolates biosynthesis and 
the induction of its catabolism may reflect plants increased need of auxin biosynthesis in 
response to the Zn deficiency stress. In line with this the accessions Col-0 and Pa-2 had 
the smallest decrease in root biomass in response to Zn deficiency in comparison to Tsu-0.
1.3. Biological processes regulated by accession-specific transcripts and their possible role 
in Zn deficiency tolerance
Glutathione S-transferase proteins (GSTs) catalyze the formation of complexes between 
glutathione and electrophilic xenobics, such as herbicides and xenobiotics, tagging them for 
vacuolar sequestration (Edwards et al., 2000;Wagner et al., 2002). They play an important 
role in protecting cells of the plant against oxidative damage and are known to be induced in 
response to diverse abiotic and biotic stimuli (Sappl et al., 2009). In our study we found several 
genes encoding GSTs to be overrepresented among the accession-specific transcripts (chapter 
5). These genes were up-regulated in shoots and roots of the accession Tsu-0 and may play 
a role in the higher ability of this accession in maintaining shoot growth under Zn deficiency 
in comparison to Pa-2 and Col-0. van de Mortel et al. (2008) also observed the increased 
expression of four genes encoding GSTs in roots of the A. thaliana accession Col-0 under 
conditions of Zn deficiency and Cd excess. However, there was no overlap between the genes 
encoding GSTs found in our study and in the study of van de Mortel et al. (2008). Furthermore, 
the genes GSTU8 and 27 identified in our study have been previously shown to increase their 
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expression in A. thaliana plants exposed to sulfur starvation (Nikiforova et al., 2003). This 
indicates the role of these genes in the plants response to different nutrient stress conditions.
In shoot tissue of the accession Tsu-0 transcripts from the APETALA 2/ethylene responsive 
element binding (AP2-EREBP) family of TF genes were strongly down-regulated (chapter 5). 
Previous studies showed that their up-regulation in response to abiotic stress conditions 
induces the inhibition of cell proliferation and leaf growth while promoting leaf senescence 
(Dubois et al., 2013;Koyama et al., 2013). The down-regulation of these AP2-EREBP TFs 
in Tsu-0 shoots suggests the opposite, i.e. continued growth and proliferation, which 
could well be part of the reason that Tsu-0 maintains shoot growth when grown under 
Zn deficient conditions (chapter 5). The accessions Pa-2 and Col-0 showed no significant 
change in expression of these transcripts in response to the Zn deficiency treatment.
The plant cell wall forms the interface between cells, it has an important role in maintaining 
cell shape and intra and extracellular communication (Keegstra, 2010). The xyloglucan 
endotransglucosylase/hydrolase (XTH) proteins are involved in cell wall loosening and 
strengthening, integration of new xyloglucan molecules to the cell wall, trimming xyloglucans 
which are not tightly aligned to the surface of cellulose, fruit softening and hydrolisation 
of xyloglucans during xylem formation (Cosgrove, 2005). In our study several transcripts 
encoding XTH proteins were up-regulated in Pa-2 roots after 4 days of exposure to Zn deficiency 
and down-regulated in shoots after 12 days (chapter 5). This accession was more sensitive to 
Zn deficiency than the other two, showing a strong decrease in root biomass in response to 
the Zn deficiency treatment. The up-regulation of XTH transcripts in Pa-2 roots may reflect 
its attempt to repair the damage caused by the Zn deficiency treatment on its root cells. The 
transport of Zn and other elements trough the root cells can occur through an apoplastic and 
a symplastic route (Sinclair and Kramer, 2012). Apoplastic transport occurs via the cell walls 
and is highly dependent on the cell wall cation exchange capacity (CEC), the organization of 
Casparian strips around the root stele and the water flow in the root cells (Sattehmacher, 
2001). Thus it is possible that the negative effect of Zn deficiency on growth observed in Pa-2 
is the result of the damage to root cell walls and possible defective control of mineral element 
uptake through the apoplastic route. However, we did not observe a significant increase in 
the concentration of any element only in roots or shoots exclusive to the accession Pa-2.
Chromatin remodelling is among the mechanisms involved in the regulation of gene 
expression in plants. The chromatin is composed by nucleosomal subunits which consists of 
DNA sequences of approximately 146bp wrapped twice around an octamer of core histones 
(H2A, H2B, H3 and H4) (Zhu et al., 2008). The histone proteins regulate the transition of 
chromatin between active and inactive states controlling the accessibility of genes sequences 
to the transcriptional machinery and strongly influencing DNA replication and gene expression 
(Arents and Moudrianakis, 1995;Mariño-Ramírez et al., 2005;Zhu et al., 2008). Chromatin 
remodeling has also been associated with epigenetic changes in gene expression as part of 
the acclimation process after exposure to stress conditions (Zhu et al., 2008). In this thesis 
we demonstrated that the accession Col-0 down-regulated the expression of seven genes 
encoding histone proteins in roots after short term exposure to Zn deficiency (Chapter 5). 
Among these genes were: H3.1, previously shown to regulate heterochromatin condensation 
(Stroud et al., 2012;Vaquero-Sedas and Vega-Palas, 2013;Jacob et al., 2014) and H4, shown 
to regulate gene expression during cold stress acclimation resulting in a higher tolerance to 
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cold in A. thaliana plants (Zhu et al., 2008). Col-0 roots were highly tolerant to Zn deficiency 
in comparison to Pa-2 and Tsu-0 (chapter 5). The down-regulation of these histone proteins 
in an early stage after exposure to Zn deficiency in Col-0 roots may indicate that they play 
an important role in stress acclimation which results in a higher tolerance to Zn deficiency.
Transposable elements (TEs) are DNA sequences which can move from one place in the 
genome to another (Yaakov and Kashkush, 2011). Short interfering RNAs (siRNAs) and 
chromatin modification regulate the transcription of transposases which mediate TEs 
transposition (Wang et al., 2013b). Due to epigenetic changes, the plant response to stress 
conditions can induce the activity of TEs resulting in gene-size deletions or insertions, 
larger chromosomal rearrangements and changes in gene expression (Ma and Bennetzen, 
2006;Lisch, 2009;Tsukahara et al., 2009;Mirouze and Paszkowski, 2011;Bucher et al., 
2012;Ito, 2012). In our study we observed the strong up-regulation of genes encoding 
transposases in roots of Tsu-0 after 12 days of exposure to Zn deficiency. On the contrary, 
accession Pa-2 had a very strong induction of transposases expression already after 4 
days of exposure to Zn deficiency which was strongly repressed again after 12 days, both 
in roots and shoots (Chapter 5). These findings indicate that the differential regulation of 
transposases expression is a clue of large scale chromatin reorganization or demethylation 
which occurs as a response to the Zn deficiency stress. The accession specific differential 
regulation of these genes may indicate that the stress response is higher for Pa-2 than 
for Tsu-0 and Col-0 after 4 days exposure to Zn deficiency, while after 12 days the stress 
response in Tsu-0 is higher. Furthermore, because each of the studied accessions changed 
the expression of a group of TEs and histone proteins it shows that this response is highly 
accession specific. Future studies investigating in detail the targets of these TEs and their 
regulation will help elucidating the mechanisms involved in Zn deficiency homeostasis.
In summary, the research described in this thesis shows that there is natural variation for 
Zn deficiency tolerance between different A. thaliana accessions both at the physiological 
and transcriptional level in shoots and roots. We found several candidate genes with 
a potentially important role in the process of Zn deficiency response and their future 
confirmation through the use of gene knock-out lines is of paramount importance. In 
addition, we provided cues of the time scale induction of several genes involved in Zn 
deficiency homeostasis. This information is useful for future studies investigating the Zn 
sensing mechanism in plants by focusing on the regulation of early Zn deficiency responsive 
genes. Finally, the observed natural variation for Zn deficiency tolerance in A. thaliana also 
indicates that the use of genome wide association mapping studies (GWAs) is a promising 
alternative for future studies aiming to unravel new genes involved in the regulation of 
this trait. With the use of large natural populations of A. thaliana, such as the HapMap 
with 360 accessions, for GWAs we increase the chances of finding natural variants of genes 
involved in the control of Zn deficiency tolerance and investigate their ecological relevance.
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English summary
Zinc is an important structural component and co-factor of proteins in all living organisms. 
The model plant species for genetic and molecular studies, Arabidopsis thaliana, expresses 
more than 2,000 proteins with one or more Zn binding domains. Low Zn availability in 
arable soils is a widespread problem around the world which results in agricultural losses 
and the production of grains with low Zn content. The long-term consumption of low-Zn-
content food items leads to severe health problems in humans as a result of severe or 
mild dietary Zn deficiency. Hence the importance of studying Zn homeostasis in plants 
and mechanisms involved in Zn deficiency tolerance aiming to enhance Zn concentration 
in plants edible parts and to develop varieties with a higher tolerance to Zn deficiency.
Plants are sessile organisms which trough evolution have developed specific traits in order 
to adapt to certain environmental conditions in their surroundings. As a result some plant 
genotypes are more tolerant to Zn deficiency and when exposed to low Zn conditions are 
able to perform better than others. To investigate the physiological mechanisms involved 
in Zn deficiency tolerance I examined natural variation present in a set of twenty diverse 
Arabidopsis thaliana accessions. In chapter 2, differences in shoot biomass production, 
Zn usage index (ZnUI), ionome (concentration of elements) and expression level of six 
key Zn deficiency responsive genes were studied. Accessions did not show large natural 
variation for shoot Zn concentration under Zn deficiency, while the decreases in shoot 
biomass and ZnUI were more variable. The conclusion from this is that accessions differ for 
the minimum Zn concentration required for growth which is associated with differences 
in Zn deficiency tolerance. We also found that the gene expression levels of three Zn 
transmembrane transporters (IRT3, ZIP3 and 4) in shoot were positively correlated with 
ZnUI and shoot biomass, but negatively correlated with shoot Zn concentration. This implies 
that a higher tolerance to Zn deficiency in A. thaliana is associated with an increased Zn 
translocation from root to shoot under low Zn. Furthermore, I used a logistic regression 
model to demonstrate that differences in the shoot ionome can be used as a biomarker 
to identify the plant Zn physiological state. Based on the changes in the concentrations 
of some elements in each of the Zn deficiency treatments it was possible to predict the 
Zn physiological state of the plants similarly to when Zn concentration is used alone.
The adaptive response to Zn deficiency involves physiological changes in shoots, but 
also in roots which play a key role in the acquisition of nutrients. In chapter 3 I used the 
same twenty A. thaliana accessions as described in chapter 2 to identify root system 
architecture traits and changes in the root ionome involved in a higher tolerance to Zn 
deficiency in plants. Similar to shoots, all accessions showed a strong reduction in root 
Zn concentration under Zn deficiency, whereas changes in other root system architecture 
traits were more variable between the accessions. These analyses showed that differences 
between the accessions in root system architecture traits and minimum Zn concentration 
required for growth are important for Zn deficiency tolerance. The Zn deficiency 
treatment also affects the formation of lateral roots and thus root system architecture. 
It was therefore not surprising that the Zn deficiency treatment induced changes in the 
concentrations of other elements which were correlated with changes in root traits.
Plants respond to different concentrations of Zn supply by changing the expression levels 
215
of genes involved in the Zn homeostasis network. This is important for the control of the 
Zn concentration and sequestration in plant cells, tissues and organs and involves the 
uptake, accumulation, transport and redistribution of Zn within the plant. Based on the 
work described in chapter 2, three A. thaliana accessions were selected with contrasting 
tolerance to Zn deficiency, and used for a whole genome transcription profiling analysis 
using RNA sequencing. Chapter 4 describes the identification of sets of general and core 
genes used by A. thaliana in its response to Zn deficiency. The purpose of using three 
accessions was to complement previous studies, which used only one accession, and 
identify new candidate genes involved in the general response to Zn deficiency in A. 
thaliana. General transcriptional changes were observed in the regulation of carbohydrate 
metabolism, glucosinolate biosynthesis and the circadian clock. As the transcriptional 
changes were recorded at two time points, it was also possible to distinguish early and late 
responses to Zn deficiency. The early response to Zn deficiency was stronger in roots with 
the induction of several Zn homeostasis genes and repression of Fe uptake genes. The late 
response to Zn deficiency comprised of the strong induction of several Zn uptake, transport 
and remobilization genes in both roots and shoots. These analysis confirmed several genes 
previously identified in Col-0 to have a general role in the Zn deficiency response, but it 
also led to the identification of new candidate genes, such as defensins and defensin-like 
genes, as very promising new actors in the A. thaliana Zn deficiency homeostasis network.
Chapter 5 describes the A. thaliana accession-specific Zn deficiency responsive transcript 
profiles, comparing Tsu-0, Pa-2 and Col-0, with the aim to identify biological processes involved 
in the observed differences in Zn deficiency tolerance between these three accessions. Tsu-
0 displayed a high tolerance to Zn deficiency in shoot, Col-0 (reference accession) showed 
a high tolerance to Zn deficiency in both root and shoot, whereas Pa-2 root and shoot were 
more sensitive to Zn deficiency. Some of the accession-specific Zn deficiency responsive 
transcripts were involved in similar biological processes, such as defence response, 
programmed cell death and carbohydrates and glucosinolates metabolism. The differential 
regulation of these processes between the three accessions may reflect their differences in 
Zn deficiency tolerance. Among the Col-0 specific transcripts were several genes encoding 
proteins kinases which may play a role in a more specific separation of the abiotic and 
biotic stress responses in this accession and possibly involved in its higher tolerance to Zn 
deficiency in both shoots and roots. Tsu-0 specifically changes the expression of a set of shoot 
transcripts encoding ethylene responsive transcription factors which are involved in the 
regulation of shoot growth and plant tolerance to abiotic and biotic stresses, corresponding 
well with the observed shoot Zn deficiency tolerance. Accession Pa-2 down-regulated 
transcripts involved in cell wall organization in roots which correlates with its high sensitivity 
to Zn deficiency in this organ. Finally, the accessions specific response to Zn deficiency also 
resulted in the differential regulation of transcripts encoding transposases which may reflect 
large scale chromatin reorganization or demethylation in response to the stress condition.
The main findings of the research described in this thesis and their implications are 
described in the General Discussion (chapter 6). By investigating the response to Zn 
deficiency in a diverse set of A. thaliana accessions both at the physiological and 
transcriptional level important mechanisms involved in Zn deficiency tolerance were 
identified. Furthermore, several key candidate genes among the accessions general 
and accession-specific Zn deficiency responsive transcripts were identified. The 
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further functional characterization of these genes is expected to reveal important new 
steps in the regulation of Zn homeostasis and Zn deficiency tolerance in A. thaliana.
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Nederlandse samenvatting (Dutch summary)
Zink is een belangrijke structurele component en co-factor van eiwitten in alle levende 
organismen. De modelsoort voor genetische en moleculaire studies aan planten, 
Arabidopsis thaliana, brengt meer dan 2.000 eiwitten tot expressie met één of meer zink 
bindende domeinen. Lage beschikbaarheid van zink in landbouwgronden is een wereldwijd 
probleem dat leidt tot een verlies aan de landbouwproductiviteit en de productie van 
gewassen met een laag zinkgehalte. De langdurige consumptie van voeding met een 
laag zinkgehalte kan leiden tot ernstige gezondheidsproblemen bij de mens als gevolg 
van zinkgebrek. Het is daarom belangrijk de zinkhomeostase in planten te bestuderen 
alsmede de mechanismen die betrokken zijn bij tolerantie van planten voor zinkdeficiëntie. 
Met deze kennis is het mogelijk het zinkgehalte in de eetbare delen van gewassen te 
verbeteren en om rassen te ontwikkelen met een hogere tolerantie voor zinkdeficiëntie.
 
Planten zijn sterk plaatsgebonden organismen die gedurende de evolutie specifieke 
eigenschappen hebben ontwikkeld om zich aan te passen aan bepaalde milieu-
omstandigheden in hun omgeving. Als gevolg daarvan zijn sommige plantgenotypes 
toleranter voor zinkdeficiëntie dan andere. Hierdoor zijn zij bij beter dan andere in staat 
te groeien bij lage zinkconcentraties. Om de fysiologische mechanismen die betrokken 
zijn bij tolerantie voor zinkdeficiëntie te onderzoeken heb ik allereerst de natuurlijke 
variatie die aanwezig is in een set van twintig verschillende Arabidopsis thaliana accessies 
bestudeerd. In hoofdstuk 2 heb ik verschillen in de scheutbiomassa, “zinc usage index” 
(ZnUI), ionoom (concentratie van elementen in de plant) en de expressieniveaus van zes 
belangrijke genen betrokken bij zinkdeficiëntie bestudeerd. Deze accessies bleken geen 
grote natuurlijke variatie in zinkconcentratie in de scheut te vertonen onder een tekort 
aan zink, maar de afname van de scheutbiomassa en ZnUI vertoonden wel grote variatie. 
Dit betekent dat de accessies verschillen in de minimale zinkconcentratie vereist voor 
groei en logischerwijs met verschillen in de tolerantie voor zinkdeficiëntie. Daarnaast 
vond ik dat de genexpressieniveaus van drie transmembraan zinktransporters (IRT3, 
ZIP3 en 4) in de scheut positief gecorreleerd waren met ZnUI en scheutbiomassa, maar 
negatief met zinkconcentratie in de scheut. Dit betekent dat een hogere tolerantie voor 
zinkdeficiëntie in A. thaliana geassocieerd is met een verhoogde translocatie van zink van 
wortel naar scheut onder lage zink concentratie. Verder heb ik een logistisch regressiemodel 
gebruikt om aan te tonen dat verschillen in het scheutionoom gebruikt kunnen worden 
als een biomarker voor de fysiologische status waarin een plant verkeert. Op basis van de 
veranderingen in de concentraties van sommige elementen in elk van de zinkdeficiënte 
behandelingen was het mogelijk om de fysiologische status van planten voor wat betreft 
zink te voorspellen, vergelijkbaar met wanneer aleen de zinkconcentratie is gebruikt. 
De aanpassing van planten aan zinktekort behelst niet alleen fysiologische veranderingen in de 
scheut, maar ook in de wortels, die een sleutelrol spelen bij het opnemen van voedingsstoffen. 
In hoofdstuk 3 heb ik dezelfde twintig A. thaliana accessies als genoemd in hoofdstuk 2 
gebruikt  om eigenschappen van de wortelarchitectuur en veranderingen in het wortelionoom 
te identificeren die betrokken zijn bij een hoge tolerantie voor zinkdeficiëntie. Net als in de 
scheut, vertoonden alle accessies een sterke daling van zinkconcentratie in de wortels onder 
zinkdeficiëntie. Veranderingen in andere eigenschappen van de wortelarchitectuur waren 
meer variabel tussen de accessies. Deze analyses toonden aan dat de verschillen tussen de 
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accessies in wortelarchitectuur en de minimale zinkconcentratie die nodig is voor de groei 
belangrijk zijn voor zinkdeficiëntietolerantie. De  zinkdeficiëntiebehandeling beïnvloedde 
tevens de vorming van zijwortels en daarmee de wortelarchitectuur. Het was dan ook 
niet verwonderlijk dat de zinkdeficiëntiebehandeling veranderingen induceerde in de 
concentraties van andere elementen die gecorreleerd zijn met zink veranderingen in de wortel. 
Planten reageren op verschillende zinkconcentraties door de expressie van de genen die 
betrokken zijn bij het zinkhomeostasenetwerk te veranderen. Dit is belangrijk voor de 
controle van de zinkconcentratie en vastlegging in plantencellen, weefsels en organen en 
behelst de opname, accumulatie, transport en herverdeling van zink in de plant. Op basis 
van het in hoofdstuk 2 en 3 beschreven onderzoek werden drie A. thaliana accessies (Tsu-
0, Pa-2 en Col-0) geselecteerd met contrasterende tolerantie voor zinkdeficiëntie. Deze 
accessies werden gebruikt voor een transcriptoomanalyse met behulp van RNA-sequencing. 
Hoofdstuk 4 beschrijft de identificatie relevante genen gebruikt door A. thaliana in de 
reactie op zinkdeficiëntie. Doordat drie accessies met verschillende zinkdeficiëntiefenotypes 
gebruikt werden, kon de bestaande informatie over het zinkdeficiëntietranscriptome van 
A. thaliana aangevuld worden, en konden nieuwe kandidaatgenen geïdentificeerd worden 
die betrokken zijn bij de generieke reactie op zinkdeficiëntie in A. thaliana. Accessie-brede 
transcriptionele veranderingen werden gevonden voor genen betrokken bij de regulatie van 
het koolhydraatmetabolisme, glucosinolaatbiosynthese en de klok van planten. Aangezien 
de transcriptionele veranderingen op twee tijdstippen werden geanalyseerd, kon zowel de 
vroege als de late reacties op zinkdeficiëntie worden onderscheiden. De vroege respons 
op zinkdeficiëntie (na vier dagen) was sterker in wortels door bijvoorbeeld de inductie van 
verscheidene genen betrokken bij de zinkhomeostase en de repressie van genen betrokken 
bij de ijzeropname. De late reactie op zinkdeficiëntie (na twaalf dagen) bestond uit de 
sterke inductie van verschillende genen betrokken bij de opname, het transport en de 
mobilisatie van zink in zowel wortels als de scheut. Deze analyse bevestigde dat meerdere 
genen die eerder geïdentificeerd waren in A. thaliana een algemene rol spelen bij de 
zinkdeficiëntierespons. We hebben echter ook nieuwe kandidaatgenen geïdentificeerd 
als zeer veelbelovende nieuwe factoren in het zinkdeficiëntiehomeostasenetwerk 
van A. thaliana, zoals defensines en defensine-achtige genen. 
Hoofdstuk 5 beschrijft de zinkdeficiëntie responsieve transcriptieprofielen specifiek 
voor de verschillende A. thaliana accessies. Daarvoor zijn Tsu-0, Pa-2 en Col-0 
vergeleken om biologische processen te identificeren die de waargenomen verschillen in 
zinkdeficiëntietolerantie tussen deze drie accessies verklaren. Tsu-0 vertoonde een hoge 
tolerantie voor zinktekort in de scheut, Col-0 (de referentieaccessie) vertoonde een hoge 
tolerantie voor zinkdeficiëntie in zowel de wortels als de scheut, terwijl de wortel en scheut 
van Pa-2 gevoeliger waren voor zinkdeficiëntie. Enkele accessie- specifieke zinkdeficiëntie 
responsieve transcripten waren betrokken bij vergelijkbare biologische processen, zoals 
afweer, geprogrammeerde celdood en koolhydraat- en glucosinolaatmetabolisme. De 
verschillende regulaties van deze processen tussen de drie accessies kunnen hun verschillen 
in zinkdeficiëntietolerantie verklaren. Onder de specifieke transcripten van Col-0 waren 
verschillende genen die coderen voor kinase-eiwitten, die mogelijkerwijs een rol spelen bij 
de meer specifieke scheiding van de abiotische en biotische stressreacties in deze  accessie 
en zijn mogelijk betrokken bij de hogere tolerantie voor zinkdeficiëntie van zowel scheut 
als wortels. In Tsu-0 zijn specifiek de expressies veranderd  van een set genen die coderen 
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voor ethyleengevoelige transcriptiefactoren die betrokken zijn bij de regulatie van de groei 
van de scheut en tolerantie voor biotische en abiotische stress. Dit komt overeen met de 
zinkdeficiëntietolerantie van de scheut van deze accessie. Genen die lager tot expressie 
kwamen in Pa-2 waren betrokken bij de organisatie van de celwand in de wortels, hetgeen 
correleert met de hogere gevoeligheid voor zinktekort in wortels van deze accessie. 
Tenslotte leidde de accessie-specifieke respons op zinkdeficiëntie ook tot verschillen in 
transcriptie van transposase genen die mogelijkerwijs de grootschalige reorganisatie 
van chromatine of demethylering weerspiegelen als reactie op de stressconditie. 
De belangrijkste bevindingen van het onderzoek beschreven in dit proefschrift en de 
gevolgen daarvan worden tenslotte beschreven in de algemene discussie (hoofdstuk 
6). Door het onderzoeken van de respons op een zinktekort in een gevarieerde 
set van A. thaliana accessies op zowel het fysiologische als het transcriptionele 
niveau heb ik belangrijke mechanismen betrokken bij zink deficiëntie tolerantie 
geïdentificeerd. Bovendien heb ik een aantal belangrijke algemene en accessie-
specifieke zinkdeficiëntie responsieve kandidaat-genen geïdentificeerd. De toekomstige 
functionele karakterisering van deze genen onthult naar verwachting belangrijke nieuwe 
stappen in de regulering van zinkhomeostase en zinkdeficiëntietolerantie in A. thaliana.
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Resumo em Português (Portuguese summary)
O micronutriente zinco (Zn) é um importante componente estrutural e co-fator de proteínas 
e em todos os seres vivos. Arabidopsis thaliana é a planta modelo utilizada para estudos 
genéticos e moleculares e possui cerca de 2.000 proteínas com um ou mais sítios de 
ligação para Zn. A baixa disponibilidade de Zn em solos é um grande problema em todo 
o mundo que resulta em perdas agrícolas e na produção de grãos com baixo teor de Zn. 
Além disso, o consumo a longo prazo de alimentos pobres em Zn pode causar problemas 
de saúde graves em seres humanos. Desta forma, torna-se importente o estudo dos 
mecanismos envolvidos na homeostase de Zn e em uma maior tolerância à deficiência 
de Zn em plantas com o objetivo de se aumentar a concentração de Zn nos alimentos 
e desenvolver variedades de plantas com uma maior tolerância a deficiência de Zn.
As plantas são organismos sésseis que através da evolução desenvolveram traços específicos, 
a fim de se adaptar a certas condições ambientais em seus arredores. Como resultado, 
alguns genótipos de plantas são mais tolerantes à deficiência de Zn e quando expostos 
a condições de pouco Zn mostram uma melhor performance do que outros genótipos 
menos tolerantes. Neste trabalho utilizamos a variação natural presente em um conjunto 
de vinte genótipos de A. thaliana para investigar os mecanismos fisiológicos envolvidos 
na tolerância à deficiência de Zn. No capítulo 2 estudamos as diferenças na produção 
de biomassa da parte aérea, o índice de uso de Zn (ZnUI), o ionoma (concentração de 
elementos) e a expressão de seis genes envolvidos na resposta a deficiência de Zn. Quando 
tratados com deficiência de Zn os genótipos não apresentaram grande variação natural para 
a concentração de Zn na parte aérea, ao passo que o decréscimo da biomassa da parte 
aérea e ZnUI variaram mais entre os genótipos. Com isso concluiu-se que os genótipos 
diferem na concentração mínima de Zn necessária para o crescimento que está associada 
com diferenças na tolerância a deficiência de Zn. Além disso, os níveis de expressão gênica 
na parte aérea de três genes condificando proteinas transportadoras de Zn (IRT3, ZIP3 e 4) 
mostraram uma correlação positiva com ZnUI e biomassa e negativa com a concentração 
de Zn na parte aérea. Este resultado indica que uma maior tolerância à deficiência de Zn 
em A. thaliana está associada com o aumento da translocação Zn da raiz para a parte aérea 
em condições de baixo Zn. Também utilizamos um modelo de regressão logística para 
demonstrar que as diferenças no ionoma da parte aérea podem ser utilizadas como um 
biomarcador para a classificação do estado fisiológico da planta com relação a nutrição de 
Zn. Com base nas alterações na concentração de determinados elementos em cada um dos 
tratamentos de deficiência de Zn este modelo possibilitou prever o estado fisiológico de Zn 
das plantas de modo semelhante ao obtido quando utilizou-se a concentração de Zn apenas.
A resposta adaptativa a deficiência de Zn resulta em alterações fisiológicas na parte aérea 
e também nas raízes que desempenham um papel chave na aquisição de nutrientes. No 
capítulo 3 utilizou-se os mesmos vinte genótipos de A. thaliana, conforme descrito no 
capítulo 2, para identificar características da arquitetura do sistema radicular e mudanças 
no ionoma da raiz envolvidas em uma maior tolerância a deficiência de Zn em plantas. 
Semelhante ao que observamos na parte aérea, quando expostos a deficiência de Zn 
todos os genótipos mostraram uma grande redução na concentração de Zn na raiz. Por 
outo lado, as alterações em outras características da arquitetura do sistema radicular foram 
mais variáveis entre os genótipos. Estas análises mostraram que as diferenças entre os 
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genótipos para características da arquitetura do sistema radicular e concentração mínima 
de Zn necessária para o crescimento são importantes para a tolerância a deficiência de Zn. 
O tratamento de deficiência de Zn também afetou a formação de raízes laterais e, assim, 
a arquitetura do sistema radicular. Foi, portanto, não surpreendente que o tratamento 
de deficiência de Zn induziu também alterações nas concentrações de outros elementos 
na raiz além de Zn que foram correlacionadas com mudanças nas características da raiz.
As plantas respondem a diferentes níveis de Zn no solo alterando a expressão de genes 
envolvidos na homeostase de Zn. Isto é importante para o controle da concentração 
de Zn na planta e para a sua distribuição entre células, tecidos e orgãos através dos 
processos de absorção, acumulação, transporte e redistribuição de Zn no interior da 
planta. Com base no trabalho descrito nos capítulos 2 e 3, foram selecionados três 
genótipos de A. thaliana com contrastantes níveis de tolerância a deficiência de Zn. Este 
foram utilizados para o estudo do transcriptoma ao nível do genoma através da técnica 
de sequenciamento de RNA. No capítulo 4 descrevemos a identificação de conjuntos de 
genes gerais e fundamentais utilizados pelos três genótipos de A. thaliana em resposta 
à deficiência de Zn. Três genótipos foram utilizados com o objetivo de se complementar 
estudos anteriores que utilizaram apenas um genótipo e identificar novos genes envolvidos 
na resposta geral à deficiência de Zn em A. thaliana. Genes controlando a resposta geral 
desses genótipos a deficiência de Zn estavam envolvidos na regulação do metabolismo 
de carboidratos, biossíntese de glucosinolates e relógio circadiano. Neste experimento 
as plantas foram coletadas em dois pontos de tempo para a identificação das mudanças 
transcricionais rápidas e tardias após a transferência das plantas para o tratamento de 
deficiência de Zn. Observamos que a resposta rápida a deficiência de Zn foi mais forte 
em raízes com a indução de vários genes envolvidos na homeostase de Zn e repressão de 
genes envolvidos na absorção de Fe. A resposta tardia à deficiência de Zn caracterizou-se 
pela forte indução de vários genes envolvidos na absorção, transporte e remobilização de 
Zn na raiz e parte aérea. Também encontramos vários genes previamente identificados 
em estudos utilizando apenas o genótipo Col-0 de A. thaliana envolvidos na resposta a 
deficiência de Zn, além de novos genes candidatos, tais como os defensins e defensin-like.
No capítulo 5 descrevemos a resposta específica de cada genótipo de A. thaliana a deficiência 
de Zn no nível transcricional. Neste estudo comparamos os genótipos Tsu-0, Pa-2 e Col-0 
com o objetivo de identificar os processos biológicos envolvidos nas diferenças observadas 
em níveis de tolerância à deficiência de Zn entre estes três genótipos. Tsu-0 mostrou uma 
alta tolerância a deficiência de Zn na parte aérea, Col-0 (genótipo referência) mostrou uma 
alta tolerância a deficiência de Zn na raiz e parte aérea, ao passo que Pa-2 mostrou uma 
menor tolerância a deficiência de Zn na raiz e parte aérea. Alguns dos genes envolvidos na 
resposta específica de cada A. thaliana genótipo a deficiência de Zn participam da regulação 
de processos biológicos similares, por exemplo: defesa, morte celular programada e 
metabolismo de carboidratos e glucosinolates. Isto indica que a regulação diferencial 
desses processos entre os três genótipos pode refletir as diferenças em tolerância a 
deficiência de Zn observadas entre os três genótipos. Genes específicos do genótipo Col-0 
codificavam proteínas quinases que desempenham um papel na separação mais específica 
das respostas aos estresses abióticos e bióticos e estão possivelmente envolvidos em 
sua maior tolerância a deficiência de Zn na raiz e parte aérea. O genótipo Tsu-0 mudou 
especificamente a expressão de um conjunto de genes codificando fatores de transcrição 
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responsivos ao etileno que estão envolvidos na regulação do crescimento da parte aérea 
e tolerância a estresses bióticos e abióticos e podem estar relacionados a sua maior 
tolerância a deficiência de Zn na parte aérea. O genótipo Pa-2 reprimiu a expressão de genes 
envolvidos na organização da parede celular em raízes que podem estar relacionados com 
a sua maior sensibilidade a deficiência de Zn neste órgão. Finalmente, a resposta específica 
dos A. thaliana genótipos a deficiência de Zn também resultou em mudanças na regulação 
de genes codificando transposases, que podem estar envolvidos em reorganizações 
de grande escala da cromatina ou desmetilação em resposta à condição de stress.
As principais conclusões do estudo descrito nesta tese e suas implicações são abordadas na 
Discussão Geral (capítulo 6). Ao investigar a resposta de um conjunto diverso de genótipos de 
A. thaliana a deficiência de Zn ao nível fisiológico e transcricional identificamos importantes 
mecanismos fisiológicos e de transcrição envolvidos na tolerância a deficiência de Zn. Além 
disso, diversos genes candidatos foram identificados entre os genes envolvidos na resposta 
geral e específica de cada genótipo de A. thaliana a deficiência de Zn. Estudos futuros 
envolvendo a caracterização funcional desses genes podem revelar novos e importantes 
passos na regulação da homeostase Zn e tolerância à deficiência de Zn em A. thaliana.
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61. General Introduction
1.1. Zn deficiency
Plants are sessile organisms which have to adapt to their surrounding conditions, therefore 
they have developed strategies to survive and grow under different environments and 
climates. The planet Earth’s biosphere shows a lot of variation regarding its chemical 
composition due to environmental changes and human interference which occurred in the 
past and are still occurring (Krämer and Clemens, 2005). One of these changes involves 
the mineral status of soils. Zn deficiency is one of the most widespread limiting conditions 
for crop production. It affects 30% of the world soils, including many agricultural lands in 
Australia, South-east Asia, Central and South America, Africa, India, Spain, USA, among 
others (Alloway, 2009). In addition, the majority of soils cropped in Turkey, India, Pakistan, 
China and Iran have adverse soil chemical properties which results in poor Zn nutrition and 
negatively affects growth of widely cropped plant varieties, such as wheat (Cakmak, 2007).
The main soil factors causing Zn deficiency are: (1) low Zn content, (2) low soil moisture, 
(3) high soil pH, (4) high CaCO
3
 content, (5) low amount of organic matter, (6) sandy 
soil, and (7) high amount of phosphorous in soils (Marschner, 1995;Cakmak, 2007). 
These soil properties contribute to a decrease in the solubility and bioavailability 
of Zn e.g., increasing soil pH from 6 to 7 reduces the chemical solubility of Zn in soil 
nearly 30-fold (Marschner, 1993). As a consequence, under these soil conditions 
absorption of Zn at adequate amounts for a good crop production and for sufficiently 
high mineral concentrations in the plant edible parts is significantly reduced.
Micronutrients (including Zn) deficiency is also a problem for humans. In regions of 
the world where people rely on monotonous diets, consuming only staple food crops, 
deficiency in Zn and other micronutrients is a widespread problem. According to WHO 
and FAO (2006) around 20% of the world population is at risk of Zn deficiency. In humans 
mild Zn deficiency is more common and can result in children’s reduced growth rate, 
impairment of brain function, lower resistance to infections, reduced taste acuity, increased 
severity and duration of diarrhea and delayed wound healing (Hambidge, 2000;Black, 
2003). Recent studies have also shown that changes in cellular Zn concentration play a 
role in the development of cancer cells in humans. This influence can be direct through 
the regulation of gene expression and cell viability or indirect by affecting the immune 
responses (Murakami and Hirano, 2008). Moreover, other studies have suggest that Zn 
acts an antioxidant molecule involved in defense mechanisms (Welch and Graham, 2002).
Zn deficient plants show chlorosis in young leaves, smaller leaf size, stunted growth and 
thin stems. Severe Zn deficiency may result in leaf wilting and curling with attenuated 
chlorosis and necrosis. These symptoms usually appear at first in young leaves due to a 
reduced mobility of Zn through the phloem from older to younger leaves (Hacisalihoglu 
and Kochian, 2003). Zn deficient plants usually have 15-20 µg Zn per g leaf dry weight, 
whilst it is necessary at least 20-100 µg Zn per g leaf dry weight for normal growth 
(Marschner, 1995). Zn deficient plants also show increased susceptibility to other biotic and 
abiotic stresses, such as high light and temperature and pathogen infection (Marschner, 
1995;Cakmak, 2000;Fones et al., 2010;Peck and McDonald, 2010;Disante et al., 2011;Fones 
7and Preston, 2013). Furthermore, Zn was shown to be essential for the maintenance 
of the plasma membrane integrity as a result of the formation of reactive oxygen 
species (ROS) under conditions of low Zn (Cakmak and Marschner, 1988b;O’Dell, 2000).
Zn is also known to play a key role in the protection of plants against oxidative stress. 
ROS are usually produced under biotic and abiotic stress conditions such as drought, low 
temperature, heat and pathogen attack (Mithöfer et al., 2004). One of the ROS is the 
superoxide radical (O
2
-) which can be detoxified by the enzyme superoxide dismutase 
(SOD). In the plant there are three types of SOD, being the most important of them the Zn-
containing Cu/Zn SOD present in the chloroplast (Cakmak, 2000). When plants are exposed 
to Zn deficiency less Cu/Zn SOD is produced which results in higher concentrations of 
superoxide radicals (Cakmak and Marschner, 1988a). The higher concentrations of this ROS 
increases the oxidation of proteins present in the membrane and results in the appearance 
of chlorotic and necrotic spots in the leaves (Marschner, 1995;Kirkby and Hillel, 2005).
The importance of Zn is related to its wide use in biological processes. In plants more than 
2.000 proteins are predicted to bind, transport or contain Zn2+ in their structure (Broadley 
et al., 2007;Hänsch and Mendel, 2009;Clemens, 2010). Among the transition metal ions 
the ion Zn2+ has unique chemical properties which enable it to participate in a wide range 
of biological processes. For example, because Zn occurs in a single oxidation state it cannot 
participate of free radical reactions (Berg and Shi, 1996). In addition, Zn is a strong electron 
pair acceptor with fast ligand exchange properties and flexible geometry. These properties 
make Zn ideal for catalyzing reactions, mediate protein-protein interactions and function as 
structural component of proteins (Krämer and Clemens, 2005). In the cell Zn is present in 
high concentrations in the nucleus and nucleoli. It is a structural component of transcription 
factors, RNA and DNA polymerases, histone deacetylases and splicing factors involved in 
nucleic acid synthesis and maintenance (Scrutton et al., 1971;Slater et al., 1971;Krishna et al., 
2003;Krämer and Clemens, 2005;North et al., 2012). In the cytoplasm Zn acts on the translation 
process and as a cofactor for the tRNA synthetases. In addition, the cytoplasm, lysosome, 
vacuoles and apoplast contain a lot of Zn-dependent enzymes such as α-mannosidase 
(Snaith and Levvy, 1968), carboxypeptidases, purple acid phosphatases with a binuclear 
metallocenter (Li et al., 2002) and matrix metalloproteinases (Maidment et al., 1999). Zn is 
also very important for photosynthesis and carbohydrate metabolism as part of the structure 
of the enzymes carbonic anhydrase and D-ribulose-5-phosphate 3-epimerase (Lindskog, 
1997;Jelakovic et al., 2003;Fabre et al., 2007). Furthermore, there is evidence of Zn playing a 
role as a signaling molecule in plants via mitogen-activated protein kinases (Lin et al., 2005).
1.2. Zn deficiency homeostasis and the genes involved
In order to achieve and maintain an ideal concentration of Zn in cellular compartments 
and tissues plants have evolved a mechanism named Zn homeostasis network (Clemens et 
al., 2002). The Zn homeostasis network can be divided in the following processes: uptake, 
buffering, translocation, storage and detoxification of Zn. These processes are controlled 
through the activation and deactivation of genes encoding Zn transport proteins, chelating 
molecules and signaling molecules. In the soil Zn can be present in two forms: (1) as the soluble 
divalent cation Zn2+ or (2) complexed with insoluble molecules of phosphates, carbonates and 
hydroxides (Welch and Graham, 2004;Sinclair and Kramer, 2012). The soluble Zn can be readily 
8taken up by Zn transmembrane transporters present in the root plasma membrane or via the 
apoplast. Whereas, the insoluble Zn has to be solubilized via plant mediated acidification of 
the soil or secretion of low-molecular-weight organic chelators, such as phytosiderophores 
(von Wirén et al., 1996). However, the latter has only been reported in grasses.
When plants are exposed to low levels of Zn nutrition the roots are the first organ to sense 
the change and respond by inducing the uptake of Zn which can occur via the apoplastic or 
symplastic route. In the apoplastic route Zn and other elements are transported together 
with water through the apoplastic spaces between the cells in the root epidermis and cortex 
until it reaches the casparian strip in the endodermis, which makes that Zn is transported 
via the symplast to the pericycle (Sinclair and Kramer, 2012). In Arabidopsis thaliana the 
symplastic uptake and transport of Zn at the root level is mediated by members of the Zinc-
Regulated Transporter, Iron-Regulated Transporter (ZRT-IRT)-like protein (ZIPs) family which 
is composed of fifteen genes ZIP1-12 and IRT1-3 (Grotz et al., 1998). These genes encode 
proteins involved in the transport of Zn through the plasma membrane of cells into the 
cytosol (Grotz et al., 1998;Sinclair and Kramer, 2012). At least ten members of this gene 
family where shown to be up-regulated in response to Zn deficiency (ZIP1, 2, 3, 4, 5, 9, 10, 
11, 12 and IRT3) in previous studies (Wintz et al., 2003;Talke et al., 2006;van de Mortel 
et al., 2006;van de Mortel et al., 2008;Lin et al., 2009;Assunção et al., 2010). Other two 
genes encoding closely related transcription factors (TFs) bZIP19 and 23 were described as 
regulating the response to Zn deficiency in A. thaliana plants (Assunção et al., 2010). The 
exact mechanism of activation of these TFs is not yet known, but they were hypothesized to 
be present under normal growth conditions in an inactive form which is activated when plants 
face low Zn conditions (Sinclair and Kramer, 2012;Assunção et al., 2013). In the active form 
bZIP19 and 23 can bind to the ZDRE (Zn deficiency responsive element) present in several 
members of the ZRT-IRT like Zn transmembrane transporters and induce their transcription 
allowing the plant to enhance Zn uptake under low Zn conditions (Assunção et al., 2010).
The ZRT-IRT like proteins will transport Zn through the root tissues (epidermis, cortex and 
endodermis) until it reaches the pericycle or xylem parenchyma where Zn is loaded into 
the xylem. The translocation of Zn from root to shoot in A. thaliana plants is mediated by 
the Heavy metal ATPases of the P1B-type ATPases proteins HMA2 and HMA4 (Cobbett et 
al., 2003;Eren and Arguello, 2004;Verret et al., 2004) and by the plant cadmium resistance 
protein encoded by the gene PCR2 (Song et al., 2010). However, only the gene HMA2 was 
shown to have its expression level increased in both shoots and roots of plants exposed 
to Zn deficiency conditions (Eren and Arguello, 2004;Hussain et al., 2004;Sinclair et al., 
2007;Wong et al., 2009). The gene FRD3 (Ferric Reductase Defective 3) also plays a role in 
the root to shoot Zn translocation through the xylem. FRD3 encodes a multidrug and toxin 
efflux (MATE) transporter protein which exports low molecular weight ligands that bind 
Fe and Zn inside the root vasculature and facilitates their root to shoot transport (Rogers 
and Guerinot, 2002;Green and Rogers, 2004;Durrett et al., 2007;Pineau et al., 2012).
In shoot tissue genes belonging to the ZRT-IRT-like protein family and HMA2 have their 
expression level increased in plants exposed to Zn deficiency (Grotz et al., 1998;Wintz et 
al., 2003;Assunção et al., 2010). Indicating that in shoots these genes play a role in the 
unloading of Zn from the xylem into the leaf tissue cells and its transport between leaf cells. 
After reaching the shoot tissue Zn can be re-distributed between tissues through the phloem 
9bound with nicotianamine (NA) molecules. A. thaliana has four genes encoding NA synthase 
proteins which catalyze the last step of NA synthesis (Suzuki et al., 1999). Wintz et al. (2003) 
demonstrated that all the A. thaliana NAS genes (NAS1-4) are up-regulated in response to 
Zn deficiency, whereas van de Mortel et al. (2006) found that only NAS2 and NAS4 were 
strongly up-regulated in A. thaliana roots under Zn deficiency conditions. NA is able to 
chelate Zn and other metals forming metal-NA complexes which can be transported through 
the phloem or xylem (Suzuki et al., 1999;Takahashi et al., 2003;Klatte et al., 2009;Haydon et 
al., 2012). The Yellow Stripe-Like family of transporter proteins act by transporting NA-metal 
complexes into the cytosol (DiDonato et al., 2004). A. thaliana encodes eight members 
of this gene family, but only YSL3 was shown to respond to Zn deficiency (Schaaf et al., 
2004). YSL3 encodes a protein responsible for remobilizing metals-NA complexes from 
senescing tissues to reproductive organs (Waters et al., 2006;Waters and Grusak, 2008). 
The cell vacuoles are important sites for Zn remobilization during periods of Zn deficiency 
and for Zn storage and detoxification when Zn is present in excess (Sinclair and Kramer, 
2012). A. thaliana has twelve MTP (metal transporter proteins) genes which belong 
to the cation diffusion facilitator family (Montanini et al., 2007). The genes MTP1 
and MTP3 encode vacuolar transmembrane transporters which are involved in Zn 
sequestration under conditions of Zn excess (Kobae et al., 2004;Desbrosses-Fonrouge 
et al., 2005;Arrivault et al., 2006;Gustin et al., 2009). MTP2 is the only member of 
this gene family shown to respond to Zn deficiency in A. thaliana roots, however, 
its exact role under these conditions is not yet known (van de Mortel et al., 2006).
Finally, many of the metal transporters induced by Zn and other micronutrients deficiency 
have a low specificity and are able to transport more than one element (Shanmugam et al., 
2013). As a result plants exposed to Zn deficiency may have high concentrations of other 
micronutrients which demonstrate the cross-talk between Zn and other micronutrients 
homeostasis. The most described phenomena is the increased Fe concentration in plants 
exposed to Zn deficiency due to the high expression levels of the gene IRT3 which encodes a 
Zn and Fe transmembrane transporter (Grotz et al., 1998;Wintz et al., 2003;Lin et al., 2009).
1.3. Zn deficiency tolerance
In nature plants exhibit a high level of plasticity in order to adapt to the differences in 
mineral availability and other growth limiting factors faced during their life cycle (Krämer and 
Clemens, 2005). As a result, nutrient-poor soils may host plant taxa which developed a more 
efficient nutrient acquisition system. These plant genotypes which are able to grow and 
complete their life cycle even when facing nutrient limiting conditions are named tolerant 
or efficient genotypes (Graham et al., 1992). The study of natural variation for Zn deficiency 
tolerance resulted in the identification of genotypes showing differences for Zn deficiency 
tolerance in several crop species, e.g. bean (Hacisalihoglu et al., 2004), maize (Furlani et al., 
2005;Chaab et al., 2011), rice (Wissuwa et al., 2006;Chen et al., 2009;Wu et al., 2010), soybean 
(Moraghan and Grafton, 2003;Fageria et al., 2008), wheat (Genc et al., 2008;Cakmak et al., 
2010;Souza et al., 2014), barley (Sadeghzadeh et al., 2009), brassica (Wu et al., 2007;Broadley 
et al., 2010) and coffee (Tomaz et al., 2011). Natural variation for Zn and other elements 
concentrations have also been extensively studied using different accessions of A. thaliana 
(Vreugdenhil et al., 2004;Buescher et al., 2010;Baxter et al., 2012;Ghandilyan et al., 2012).
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The level of tolerance that a plant has to low levels of Zn and other elements can be 
calculated based on different traits and parameters (Good et al., 2004). Zn Efficiency (ZnE) 
is the most widespread method to measure Zn deficiency tolerance. It is based on the 
comparison of biomass production under Zn deficiency and sufficiency growth conditions 
between different genotypes of the same species (Marschner, 1995;Wu et al., 2007;Genc et 
al., 2008;Ghandilyan et al., 2012;Karim et al., 2012). However, when aiming to identify plant 
varieties which are not only able to grow well under Zn deficiency but also have high levels 
of Zn in its edible parts it is also important to evaluate the plant yield and Zn concentration 
in edible tissues (Cakmak, 2007;White and Broadley, 2011;Olsen and Palmgren, 2014). The 
measurement of Zn usage index (ZnUI) shows the amount of dry biomass produced per mg of 
Zn in the tissue and enables the comparison of plant genotypes which do not show significant 
differences in Zn concentration, but differ in biomass production under Zn deficiency (Siddiqi 
and Glass, 1981;Marschner, 1995;Cakmak et al., 1998;Good et al., 2004;Genc et al., 2006).
Among the proposed mechanisms underlying plants higher tolerance to Zn deficiency is 
the plants ability to enhance the uptake of Zn from the soil solution (Rengel, 2001). This 
can happen via the plants better ability of solubilizing the non-available Zn present in the 
soil, capacity of scavenging larger soil areas and/or via the plants increased potential of 
nutrient transport across the plasma membrane (Rengel, 2001). Other factors which may 
also result in a higher tolerance to Zn deficiency involve the plants efficient utilization and 
compartmentalization of Zn within cells, tissues and organs and their higher resistance to the 
side effects caused by the low Zn stress condition, such as the formation of ROS (Rengel, 2001).
The first step for micronutrients uptake occurs in the root-soil interface and can be 
enhanced by modifications in the root morphology, exudation of compounds which 
increase mineral availability, mycorrhyzae associations and chemical and physical changes 
in the soil. Comparisons between Zn tolerant and sensitive genotypes demonstrated that 
plants with a higher mining capacity, due to an increased root surface area with longer 
and thinner roots (Genc et al., 2006;Chen et al., 2009), or higher capacity of exuding 
mineral solubilizing compounds such as organic acids (oxalate and citrate) (Hoffland et 
al., 2006) show an advantage on Zn absorption capacity (Cakmak et al., 1996;Rengel and 
Hawkesford, 1997). In grasses phytosiderophores (PS), excreted by plants, are responsible 
for chelating micronutrients in roots and there is evidence that its release by roots 
under Zn deficiency correlates with Zn tolerant genotypes (Cakmak et al., 1996;Rengel 
and Römheld, 2000;Neelam et al., 2010). However, other studies point to no correlation 
between PS exudation and Zn tolerant genotypes (Erenoglu et al., 1996;Pedler et al., 
2000). Mycorrhizae associations are also known to play a role on nutrient uptake in 
some leguminous plants (Schultz et al., 2010). However, Kothari et al. (1990) found 
similar results for Zn content when comparing genotypes with contrasting tolerance 
to Zn deficiency grown in soil and hydroponics culture with mycorrhizae associations.
Plants Zn uptake capacity is also dependent on the number of transmembrane transporters 
present at the root, the affinity of these transporters and their turnover rate which may vary 
between genotypes (Rengel, 2001). However, to date natural variation among genotypes for 
these traits have not been investigated. Another important factor to be considered in plants 
exposed to severe Zn deficiency conditions is their capacity of nutrient replenishment at 
the root surface (Rengel, 2001). Under conditions of severe Zn deficiency if the capacity of 
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Zn replenishment at the root surface is lower than the capacity of root cells to uptake Zn 
the processes involved in a higher Zn uptake capacity become of secondary importance.
The tolerance of plants to low levels of Zn depends not only on the plant’s ability to uptake 
Zn, but also in their ability of Zn translocation to edible parts and efficient use to maintain 
growth and yield. Studies comparing rice genotypes demonstrated that Zn deficiency tolerant 
plants had a higher Zn total uptake and root to shoot Zn translocation combined with a higher 
ability of redistributing Zn from older to actively growing tissues (Gao et al., 2005;Impa et al., 
2013a;Impa et al., 2013b). Other studies also showed that Zn deficient tolerant rice genotypes 
had a more efficient root to shoot Zn translocation resulting in a higher concentration of this 
metal in grains, stems and leaves, whereas sensitive genotypes accumulated more Zn in 
roots (Wu et al., 2010). In another study using rice genotypes the authors proposed that the 
high ability of Zn translocation to the shoots combined with the reduced translocation of Fe, 
Mg, P, Mn and Cu may result in a higher tolerance to Zn deficiency (Wissuwa et al., 2006). 
The high concentration of these elements could result in the disruption of enzymes function 
and attenuation of the oxidative stress caused by Zn deficiency (Cakmak, 2000;Wissuwa et 
al., 2006). Sadeghzadeh et al. (2009) found that Zn tolerant barley genotypes accumulated 
more Zn in roots and shoots when grown under adequate or low Zn supply. On the other 
hand, studies with bread wheat and bean genotypes indicated that higher Zn translocation 
does not correlate with Zn tolerance (Kalayci et al., 1999;Hacisalihoglu and Kochian, 2003).
As mentioned previously Zn is involved in many biological processes in the plant, such as 
protein metabolism, gene expression, integrity of bio-membranes, photosynthesis and 
auxin synthesis (Marschner, 1995;Cakmak, 2000;Sinclair and Kramer, 2012). A more efficient 
incorporation and utilization of Zn in all these mechanisms may also be responsible for 
differences on Zn deficiency tolerance between genotypes (Rengel, 2001;Hacisalihoglu and 
Kochian, 2003;Singh et al., 2005). The ability of maintaining the activity of enzymes such as 
SOD and carbonic anhydrase under Zn deficiency was shown to be correlated with a higher 
tolerance to Zn deficiency (Hacisalihoglu et al., 2003;Karim et al., 2012;Li et al., 2013).
In addition, plants ability to cope with low Zn nutritional conditions may also be influenced by 
differences in the minimum Zn concentration needed for optimal growth required by different 
plant genotypes. Conn et al. (2012) demonstrated that among 413 A. thaliana accessions 
there was a variation of 7.2 fold for Zn concentration in leaf tissue. Variation between A. 
thaliana genotypes for Zn and other elements concentrations have been demonstrated 
in several studies (Atwell et al., 2010;Buescher et al., 2010;Baxter et al., 2012;Conn et al., 
2012). The best understanding of the mechanisms involved in Zn deficiency tolerance is of 
paramount importance, its implementation in key staple crops may enable the increase of 
plant’s Zn nutritional level and cropping of Zn deficient lands around the world. This would 
make feasible the use of soils before difficult/inappropriate to agriculture and enhance the 
cropping area available in the world. As most part of these soils are located in poor regions 
of the world the utilization of plant genotypes tolerant to Zn deficiency would also have 
a positive effect on the local economy and food nutritional value when considering the 
fact that these plants have also an improved ability to translocate Zn to their edible parts.
In this thesis we focused on the study of changes induced by Zn deficiency at the 
physiological and transcriptional level in A. thaliana. Commonly known as thale cress, A. 
thaliana was at first established as a model organism mainly because of its short generation 
12
time, small size and large seed production via self-pollination (Koornneef and Meinke, 
2010). With the development of molecular and genetic tools A. thaliana enhanced its 
importance as a model organism for genetic and molecular studies because of its small 
genome size, well established transformation protocol and large collection of mutant 
lines available (Somerville and Koornneef, 2002). In addition, due to its wide geographical 
distribution it has been extensively used for the study of natural variation and the genetic 
basis of plant adaptation (Alonso-Blanco and Koornneef, 2000;Koornneef et al., 2004;Atwell 
et al., 2010;Weigel, 2011). The genetic basis of plant nutrition has been widely studied 
using A. thaliana and many genes were found. However, this knowledge is not complete 
and the regulation of Zn and other elements homeostasis still has gaps to be filled.
1.4. Arabidopsis natural variation helps to reveal genes involved on Zn Homeostasis
Studies aiming at the identification of new genes involved in Zn homeostasis rely mainly on 
the natural genetic variation present for Zn concentration and tolerance to Zn deficiency 
and excess within a species. The elements concentration in plants and other organisms is 
named the ionome (Salt, 2004). Elements concentration in leaf, seed, and root were shown 
to be widely variable between natural A. thaliana accessions (Baxter et al., 2012;Conn et al., 
2012). The genetic basis of Zn homeostasis in A. thaliana have been studied enabling the 
identification of several important genes (Clemens et al., 2002;Wintz et al., 2003;Krämer 
and Clemens, 2005;Colangelo and Guerinot, 2006;Talke et al., 2006;van de Mortel et al., 
2006;van de Mortel et al., 2008;Palmer and Guerinot, 2009;Assunção et al., 2010;Richard 
et al., 2011;Waters and Sankaran, 2011). However, the complete genetic network 
controlling Zn homeostasis and underlying the observed natural variation for tolerance 
to Zn deficiency and excess among A. thaliana accessions is not completely known.
The identification of genes responsible for ionomic differences is a challenging and lengthy 
procedure which commonly involves the screening of large populations or laboratory-induced 
mutants. Quantitative trait locus (QTL) and genome wide association (GWAS) mapping are the 
main approaches chosen for population genetics studies. In the QTL mapping, populations of 
recombinant inbred lines (RILs) resulting from a cross a between pairs of accessions contrasting 
for a particular trait, are used to find the locus that controls or influences a phenotype. GWAS 
uses natural variation to identify genes regulating a certain trait of interest. Micronutrient 
concentration is a complex trait controlled by a large number of loci with moderate effect 
which are also highly dependent on the environmental conditions (Alonso-Blanco et al., 
2009;Alonso-Blanco and Mendez-Vigo, 2014). Existing natural variation, trait heritability, 
gene functional analysis, associations among traits and available screening techniques can 
be used to help dissect traits such as Zn deficiency tolerance and reveal its genetic control.
Several studies have used A. thaliana genetic variation for the identification of genes related to 
adaptive traits such as tolerance to abiotic and biotic stresses (Alonso-Blanco and Koornneef, 
2000;Alonso-Blanco and Mendez-Vigo, 2014). QTLs controlling seed and leaf Zn and other 
elements concentration were identified using A. thaliana RIL populations and natural 
accessions (Vreugdenhil et al., 2004;Baxter et al., 2008a;Ghandilyan et al., 2009;Buescher 
et al., 2010;Baxter et al., 2012;Ghandilyan et al., 2012). Ghandilyan et al. (2009) (2012) 
demonstrated that different loci control Zn concentration under Zn sufficiency and deficiency 
conditions using an A. thaliana RIL population grown under Zn deficiency conditions. More 
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recently population genetics studies turned to the use of large collections of natural A. 
thaliana accessions to investigate the genetic basis of several biological traits, including 
elements accumulation using GWAS (Atwell et al., 2010;Baxter et al., 2010;Chao et al., 2012).
However, the large size of candidate genomic regions identified through QTL studies 
is a bottleneck in the processes of identifying the causal gene(s) (Korte and Farlow, 
2013). Furthermore, although GWAS enables a higher resolution of candidate genomic 
regions, studies investigating plants grown under Zn sufficiency conditions did not 
find significant associations for the trait Zn concentration (Atwell et al., 2010). This 
may reflect the tight control of the genetic regulatory network of Zn homeostasis. 
The recent advances in sequencing technologies towards more affordable prices and 
improved whole genome sequencing strategies combined with mapping tools are a 
promising strategy to the unravel the genetic mechanisms controlling Zn homeostasis 
not only in A. thaliana but also in other several plant species (Mutz et al., 2013).
The detailed understanding of the genetic control of Zn homeostasis is an important 
step in the process of crops biofortication for higher Zn concentration in their edible 
parts in order to achieve a positive effect on human nutrition (Pfeiffer and McClafferty, 
2007;Waters and Sankaran, 2011). Several strategies can be applied to increase Zn and 
other micronutrients concentration in human diet, such as (1) soil Zn fertilization; (2) 
food supplementation; (3) breeding for plant genotypes with a higher nutritional value; 
and (4) genetic engineering of plants with genes controlling mineral homeostasis and 
availability (Welch and Graham, 2004;Cakmak, 2007). In this context the study of natural 
variation is important to pave the way for the identification of Zn deficiency tolerant 
genotypes and help with the understanding of the genetic control of Zn homeostasis.
1.5. Outline of the thesis
In this thesis we investigated natural variation for Zn deficiency tolerance among different 
accessions of A. thaliana in order to identify possible mechanisms involved in a higher 
tolerance to Zn deficiency and the underlying responsible genes. To understand the 
mechanisms in plants responsible for tolerance to suboptimal Zn supply in chapters 2 
and 3 we analyzed natural variation for Zn deficiency tolerance among twenty diverse A. 
thaliana accessions grown under two levels of Zn deficiency (severe and mild). In chapter 
2 we focused on differences between the accessions considering changes in the ionome, 
growth traits and expression level of key Zn deficiency genes in the shoot tissue. In chapter 
3 we used a similar approach to compare the changes induced by Zn deficiency in the root 
system architecture, growth and ionome in the twenty A. thaliana accessions. Based on 
the results obtained in chapter 2 we selected three A. thaliana accessions (Col-0, Tsu-0 
and Pa-2) with contrasting tolerance to Zn deficiency in shoots to be studied at the whole 
genome transcriptional level. In chapter 4 we describe the genes which show a similar 
response to Zn deficiency in the three A. thaliana accessions studied named here as general 
Zn deficiency responsive genes. We also analyzed the changes in gene expression in shoot 
and root tissue and after short and long term exposure to Zn deficiency. In chapter 5 we 
described the genes responsible for the accessions’ specific response to Zn deficiency 
in both root and shoot tissue and after short and long term exposure to Zn deficiency. 
The main results obtained in this thesis and their relevance for the current studies on 
Zn homeostasis and the future perspectives for research are discussed in chapter 6.
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2. Natural variation for Zn deficiency tolerance in Arabidopsis thaliana 
reveals changes in the shoot ionome and Zn homeostasis gene expression 
as biomarkers for plant Zn nutritional status.
Ana Carolina A. L. Campos, Willem Kruijer, Ross Alexander, John Danku, David E. Salt, Mark 
G. M. Aarts
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Abstract
Zinc (Zn) is a crucial co-factor for many enzymes and therefore an essential nutrient for 
plants. Approximately one third of the global arable land suffers from low Zn bioavailability 
which leads to reduced crop yield and quality. To understand the mechanisms in plants 
responsible for tolerance to suboptimal Zn supply we evaluated the response of twenty 
diverse Arabidopsis thaliana accessions to low Zn supply at the physiological and molecular 
level. Plants were grown hydroponically under Zn sufficiency and two Zn deficient 
conditions. Large natural variation was observed among these accessions for all traits 
analysed, including visible Zn deficiency symptoms (leaf chlorosis, necrotic spots), biomass, 
Zn content, Zn usage index (ZnUI) and the concentration of Zn and other elements. The 
observed variation in Zn concentration means that differences in Zn requirements may 
contribute to a higher or lower tolerance to Zn deficiency. The visible phenotypic differences 
between accessions under severe and mild Zn deficiency are related to the increased 
concentration of Fe and Mn in shoots of plants under severe Zn deficiency. In order 
to gain a better insight into the Zn deficiency physiological status, a multinomial logistic 
regression model was used to distinguish plants grown under Zn sufficiency, severe and 
mild Zn deficient conditions based on differences in the shoot ionome. We demonstrated 
that differences in the shoot ionome can be used as biomarkers for plant Zn status. In 
addition to the physiological traits, the expression of six genes involved in the Zn deficiency 
response in A. thaliana was measured in eight accessions with contrasting ZnUI values. A 
positive correlation between gene expression, ZnUI and shoot biomass was found, providing 
new insights into the mechanisms regulating Zn deficiency tolerance in A. thaliana plants.
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1. Introduction
Zinc (Zn) is an essential micronutrient required for plant growth and development. Many 
agricultural soils in the Middle East, India, and parts of Australia, America and Central Asia 
confer Zn deficiency to plants, often due to poor Zn availability caused by the high pH in 
calcareous soils. Zn deficient soils affect crop yield and quality and results in human malnutrition 
through the intake food containing low concentrations of Zn and other micronutrients 
(Cakmak, 2007;Alloway, 2009). Zn deficiency in humans causes short stature, impaired 
brain development and immune function which make them more susceptible to respiratory 
infections, malaria and diarrhoea (W.H.O. and F.A.O., 2006). The World Health Organization 
(WHO) and the Food and Agriculture Organization (FAO) of the United Nations estimate that 
about one third of the world’s population suffers from mild or severe Zn deficiency. Since plants 
are often the main source of dietary Zn, improving their Zn concentration and Zn deficiency 
tolerance is an important goal in fighting this ‘hidden hunger’ (www.harvestplus.org).
Zn has distinctive chemical properties, being a strong electron pair acceptor with 
flexible coordination geometry and the ability to swiftly exchange ligands (Sinclair and 
Kramer, 2012). It acts as a co-factor for many different enzyme types and through Zn-
finger proteins it is involved in the regulation of gene expression (Clemens, 2010). 
Overall, Zn plays an important role in several biological processes (Grotz and Guerinot, 
2006), which explains why lack of Zn hampers plant growth and development. 
Moderately Zn deficient plants show chlorosis in young leaves and early senescence 
of older leaves, accompanied by reduced plant growth. Severe Zn deficiency results 
in extensive leaf chlorosis, wilting, stunting, leaf curling and reduced root elongation 
(Marschner, 1995). In the model plant species Arabidopsis thaliana all of these symptoms, 
as well as delayed flowering, are observed when grown under Zn deficiency (Talukdar 
and Aarts, 2007). Since Zn deficiency also affects the function of enzymes such as 
copper/zinc superoxide dismutase (Cu/Zn SOD) and carbonic anhydrase (CA), it leads to 
the accumulation of reactive oxygen species (ROS) which causes oxidative damage and 
reduction in photosynthesis (Clemens, 2010;Ibarra-Laclette et al., 2013). The optimal Zn 
concentration plants need is around 15-20 µg per g dry biomass (Marschner, 1995). This 
varies from species to species and between plants of the same species (White and Broadley, 
2011), which suggests there is inter- and intra-species variation for the ability to tolerate 
low soil Zn availability and still be able to grow and reproduce (Marschner, 1995). Natural 
variation for Zn deficiency tolerance between different genotypes has been described 
for several plant species (Graham et al., 1992;Rengel and Graham, 1996;Cakmak et al., 
1998;Hacisalihoglu et al., 2004;Genc et al., 2006;Ghandilyan et al., 2012;Karim et al., 2012).
The ability of a plant to grow and yield under Zn limiting conditions in comparison to ideal growth 
conditions is defined as Zn Efficiency (ZnE) (Marschner, 1995). It is quantified by calculating 
the difference in relative growth or yield between plants grown under normal and Zn deficient 
conditions (Marschner, 1995). Another parameter used to evaluate Zn deficiency tolerance 
is the Zn Usage Index (ZnUI), which quantifies the amount of dry matter produced per mg of 
Zn in the tissue. It allows the comparison of plant genotypes which do not show significant 
differences in Zn concentration, but differ in biomass production under Zn deficiency (Siddiqi 
and Glass, 1981;Marschner, 1995;Cakmak et al., 1998;Good et al., 2004;Genc et al., 2006). 
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To control Zn homeostasis and avoid possible problems associated with inappropriate 
Zn supply plants have developed an efficient system to control Zn uptake from the soil, 
distribution over different organs, tissues or cellular organelles and (re)mobilization 
through the plant (Marschner, 1995;van de Mortel et al., 2006;Sinclair and Kramer, 
2012). While the actual Zn deficiency sensor is not yet known, the Zn deficiency 
response in A. thaliana is hypothesized to start with the activation of the transcription 
factors bZIP19 and bZIP23, the function of which is essential for the plant to survive 
Zn deficiency (Assunção et al., 2010;Assunção et al., 2013). Under Zn deficiency the 
concentrations of other elements in the plant are also altered, probably as a result of 
the strong up-regulation of Zn transport proteins such as IRT3, ZIP3 and ZIP4 which can 
also transport Fe, Mn and Cu, (Grotz et al., 1998;Wintz et al., 2003;Lin et al., 2009). 
Zn is among the essential elements which compose the plant ionome together with 
non-essential elements, such as Cd (Salt et al., 2008). The ionome profile reflects the 
physiological state of a plant under various genetic, developmental, and environmental 
backgrounds (Salt et al., 2008) and can be used as a biomarker for a particular physiological 
condition. Biomarker based models are used to determine differences in the nutritional 
status among large sets of different plant genotypes and experimental batches (Baxter 
et al., 2008a). Natural variation for the ionome profile has been studied in A. thaliana 
accessions, unravelling important mechanisms in plant ion homeostasis (Rus et al., 
2005;Loudet et al., 2007;Baxter et al., 2008a;Kobayashi et al., 2008;Morrissey et al., 
2009;Baxter et al., 2010;Chao et al., 2012;Pineau et al., 2012;Koprivova et al., 2013). 
A detailed study on the response of plants to Zn deficiency has not yet been performed, 
while it will be of paramount importance to understand the relevant physiological and 
molecular mechanisms involved in order to improve the performance of crops grown 
under suboptimal Zn conditions and increase the Zn content in their edible parts. In 
this study we describe the analysis of natural genetic variation for physiological and 
molecular traits involved in Zn deficiency tolerance among twenty diverse A. thaliana 
accessions. The shoot ionome profiles of these accessions revealed that while Zn 
concentrations were not very different, the concentrations of other elements varied 
between the studied Zn deficiency levels. This was used to develop a logistic regression 
model capable of differentiating plants that have been exposed to different Zn supply 
conditions. We also demonstrated that changes in the plant Zn nutritional status can 
be identified based on changes in the shoot gene expression level of Zn homeostasis 
genes. Hence, our study opens up the possibility of simplifying the high-throughput 
screening of genetic variation for Zn deficiency tolerance, by focusing on few biomarkers.
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2. Material and methods
2.1. Plant material and hydroponic growth
A set of twenty A. thaliana accessions was selected based on their diverse site of origin 
(Table S1). Seeds were surface-sterilized with chlorine vapour-phase seed sterilization and 
sown in petri dishes on wet filter paper followed by a 4-day stratification treatment at 4 
°C in the dark, to promote uniform germination. Seeds were transplanted to 0.5% (w/v) 
agar-filled tubes of which the bottom was cut off, and placed in a modified half-strength 
Hoagland nutrient solution for hydroponic growth (Assunção et al., 2003): 3 mM KNO
3
, 2 
mM Ca(NO
3
)
2
, 1 mM NH
4
H
2
PO
4
, 0.5 mM MgSO
4
, 1 µM KCl, 25 µM H
3
BO
3
, 2 µM MnSO
4
, 
0.1 µM CuSO
4
, 0.1 µM (NH
4
)
6
Mo
7
O
24
, 20 µM Fe(Na)EDTA. The pH was set at 5.5 using KOH 
and buffered with 2 mM MES (2- (N-morpholino) ethanesulfonic acid). Plants were grown 
hydroponically in two experiments performed separately. In experiment one, named 
here as the mild Zn deficiency experiment, we compared plants grown for 41 days under 
sufficient Zn supply (2 µM ZnSO
4
) and mild Zn deficiency (0.05 µM ZnSO
4
). In experiment 
two, named here as the severe Zn deficiency experiment, we compared plants grown for 31 
days under sufficient Zn supply (2 µM ZnSO
4
) and severe Zn deficiency (no Zn added to the 
nutrient solution). Plants were grown in a climate-controlled chamber set at 70 % relative 
humidity, with 12 h day (120 µmol photons m-2.s-1), 12 h night and 20 °C/15 °C day/night 
temperatures. The hydroponic system consisted of plastic trays (46 x 31 x 8 cm) holding 
9 L nutrient solution, covered with a non-translucent 5-mm-thick plastic lid with evenly 
spaced holes in a 7 x 10 format holding the agar-filled tubes with plantlets. The nutrient 
solution was refreshed once a week. Shoot fresh weight was measured in all samples upon 
harvesting. Some samples were immediately frozen in liquid nitrogen and stored at -80oC for 
gene expression and elements concentration analysis. The remaining samples were dried 
for 72 h at 60 °C and used to obtain the shoot dry weight. For these samples we calculated 
the shoot dry weight (SDW)/shoot fresh weight (SFW) ratio and obtained a correction 
factor used to estimate the dry weight of the shoot samples used for gene expression 
and elements concentration analysis. In order to evaluate the effect of the Zn deficiency 
treatment on the different A. thaliana accessions studied we calculated the relative change 
in SDW, Zn concentration and Zn content and the Zn Usage Index (ZnUI) (Siddiqi and 
Glass, 1981;Good et al., 2004). The ZnUI was calculated based on the following formula:
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Index (ZnUI) (Siddiqi and Glass, 1981;Good et al., 2004). The ZnUI was calculated based on 
the following formula: 
 
𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍 = (
𝑠𝑠ℎ𝑜𝑜𝑜𝑜𝑜𝑜 𝑏𝑏𝑏𝑏𝑜𝑜𝑏𝑏𝑏𝑏𝑠𝑠𝑠𝑠 (𝑔𝑔)
𝑠𝑠ℎ𝑜𝑜𝑜𝑜𝑜𝑜 𝑍𝑍𝑍𝑍 𝑐𝑐𝑜𝑜𝑍𝑍𝑐𝑐𝑐𝑐𝑍𝑍𝑜𝑜𝑐𝑐𝑏𝑏𝑜𝑜𝑏𝑏𝑜𝑜𝑍𝑍 (𝑝𝑝𝑝𝑝𝑏𝑏)
) × 1000 
 
Tissue elemental analysis 
 
The shoot ionome profile was determined for a sample of two leaves harvested from five 
replications of each A. thaliana accession per treatment. Samples were first dried for 72 h at 
60 oC, transferred to 96-well plates with tubes containing one 5-mm glass bead and 
homogenized utilizing a 96-well plate mixer mill from Qiagen® for 5 minutes at 30 Hz. A 
small amount of plant material (2 - 4 mg) was transferred to Pyrex test tubes (16 x 100 mm) 
and digested with 0.9 ml of concentrated nitric acid (Baker Instra-Analyzed; Avantor 
Performance Materials; http://www.avantormaterials.com) for 5 hours at 115 oC. Samples 
were diluted to 10 ml with 18.2 MΩcm Milli-Q water. Elemental analysis were performed 
with an inductively coupled plasma mass spectrometry ICP-MS (Elan DRC II; PerkinElmer, 
http://www.perkinelmer.com) for Li, B, Na, Mg, P, S, K, Ca, Mn, Fe, Co, Ni, Cu, Zn, As, Se, 
Rb, Sr, Mo and Cd. A reference composed of pooled samples of digested shoot material was 
prepared and included every 9th sample in all sample sets of 70 samples to correct for 
variation between and within ICP-MS analysis runs. Seven samples from each sample set 
were weighed and used during the iterative weight normalization process to estimate the 
weight of the remaining 63 samples from the set (Danku et al., 2013). The following elements 
were not added to the nutrient solution: Cd, Sr, Li, Co, Ni, As, Se and Rb; and, except for Cd, 
their concentrations is not shown. 
 
Gene expression 
 
Gene expression analysis was performed for eight accessions with different ZnUI values 
selected from the tested set of twenty accessions grown under mild Zn deficiency conditions. 
Frozen shoot material from plants grown under mild and severe Zn deficiency and their 
respective control (Zn sufficiency) treatments was used, in three biological replicates, each 
consisting of material from three plants. Total RNA was extracted using the method of Onate-
Sanchez and Vicente-Carbajosa (2008). cDNA was synthesized from 1 µg of total RNA using 
2.2. Tissue elemental analysis
The shoot ionome profile was determined for a sample of two leaves harvested from five 
replications of each A. thaliana accession per treatment. Samples were first dried for 72 h at 60 
oC, transferred to 96-well plates with tubes containing one 5 mm glass bead and homogenized 
utilizing a 96-well plate mixer mill from Qiagen® for 5 minut s at 30 Hz. A small amount of 
plant material (2 - 4 mg) was transferred to Pyrex test tubes (16 x 100 mm) and digested with 
0.9 ml of concentrated nitric acid (Baker Instra-Analyzed; Avantor Performance Materials; 
http://www.avantormaterials.com) for 5 hours at 115 oC. Samples were diluted to 10 ml with 
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18.2 MΩcm Milli-Q water. Elemental analysis were performed with an inductively coupled 
plasma mass spectrometry ICP-MS (Elan DRC II; PerkinElmer, http://www.perkinelmer.com) 
for Li, B, Na, Mg, P, S, K, Ca, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Rb, Sr, Mo and Cd. A reference 
composed of pooled samples of digested shoot material was prepared and included every 
9th sample in all sample sets of 70 samples to correct for variation between and within ICP-
MS analysis runs. Seven samples from each sample set were weighed and used during the 
iterative weight normalization process to estimate the weight of the remaining 63 samples 
from the set (Danku et al., 2013). The following elements were not added to the nutrient 
solution: Cd, Sr, Li, Co, Ni, As, Se and Rb; and, except for Cd, their concentrations are not shown.
2.3. Gene expression
Gene expression analysis was performed for eight accessions with different ZnUI values 
selected from the tested set of twenty accessions grown under mild Zn deficiency conditions. 
Frozen shoot material from plants grown under mild and severe Zn deficiency and their 
respective control (Zn sufficiency) treatments was used, in three biological replicates, each 
consisting of material from three plants. Total RNA was extracted using the method of Onate-
Sanchez and Vicente-Carbajosa (2008). cDNA was synthesized from 1 µg of total RNA using 
the iScript cDNA synthesis kit from BioRad® as per the manufacturer’s instructions. Following 
synthesis, cDNA was diluted 10-fold. qRT-PCRs were performed in triplicate with iQ SYBR 
Green Supermix (BioRad®) in an iQ Real Time PCR machine (BioRad®). Relative transcript 
levels of selected genes were determined by qRT-PCR. The expression of the genes IRT3 
(At1g60960), ZIP3 (At2g32270), ZIP4 (At1g10970), bZIP19 (At4g35040), CSD2 (At2g28190), 
and CA2 (At5g14740) were measured. The oligonucleotides used for each gene are shown 
in table S2. Amplicon lengths were between 80 and 120 bp and all primers combinations 
had at least 95% efficiency. Reaction volumes were 10 µL (5 µL SYBR green qPCR mix, 300 
nmol of each primer and 4 µL of cDNA template). Cycling parameters were 4 minutes at 
95 ˚C, then 40 cycles of 15 seconds at 95 ˚C and 30 seconds at 55 ˚C. Gene expression 
values were normalized to the house-keeping gene PEX4 (At5g25760) and gene expression 
values were calculated relative to the accession Col-0 under control conditions of the severe 
and mild Zn deficiency experiments, using the 2 –ΔΔCT method (Livak and Schmittgen, 2001).
2.4. Statistical analysis
For all shoot traits and gene expression ΔCT values we performed a two-way ANOVA 
analysis to test for significant differences between treatments, accessions and the 
interaction between treatments and accessions. To test for significant differences between 
accessions for relative change in SDW, Zn concentration and Zn content in response to 
the Zn deficiency treatment we performed a one-way ANOVA. We also performed a 
one-way ANOVA to test for significant differences between the four treatments applied 
in this study for each element concentration. For element concentrations, the values 
were log10-transformed and we performed a Benjamini-Hochberg multiple comparisons 
correction of the p-values. If significant differences were observed we performed a 
Tukey’s HSD post-hoc test with a cut-off level of significance lower or equal to 0.05.
In order to check for correlations between the studied traits we calculated Pearson correlation 
coefficients based on accessions averages. The analyses were performed for the four 
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treatments separately. A two-tailed test of significance was performed and a p-value of 0.05 
was used as cut-off. Broad-sense heritability was calculated as the ratio between estimated 
genetic variance and total phenotypic variance (= genetic variance + environmental variance).
2.5. Multivariate analysis and classification
In order to predict the plant response to different levels of Zn nutrition from its ionomic 
profile, we used a logistic regression model similar to the one used by Baxter et al. (2008b) 
with some amendments. For the analysis we first normalized all element concentrations by 
subtracting the means of the Zn sufficiency group. After doing this for both experiments, 
both Zn sufficiency groups have zero mean and unit variance and the element concentrations 
in the plants at severe or mild stress are relative to the Zn sufficiency treatment in the same 
experiment. The prediction performance was assessed by drawing 100 times a training set 
of 199 plants from the total of 398 plants, while the remaining 199 plants were used as a 
validation set at each time. Each training set was drawn in a stratified manner, respecting the 
number of plants in the Zn sufficiency (2x100), mild (99) and severe Zn deficiency treatment 
(99) categories. A penalized logistic regression model was fit for each training set using the 
R-package “glmnet” (Friedman et al., 2010), and used to predict the status of the 199 plants 
in the validation set. The glmnet implementation of MLR model is such that each of the three 
groups has its own vector of regression coefficients, which are automatically constrained 
to give three probabilities summing to one. Prediction performance was estimated 
by averaging the proportion of correctly classified plants over the 100 validation sets.
3. Results
3.1. Natural variation in Zn deficiency response for physiological and morphological traits
A set of twenty A. thaliana diverse accessions (Table S1) was grown hydroponically with 
sufficient Zn supply (2 μM ZnSO
4
; control) and mild (0.05 μM ZnSO
4
) or severe Zn deficiency 
(no Zn added to the medium). After 31 days of exposure to severe Zn deficiency, plants 
showed clear deficiency symptoms, primarily visible by reduced growth compared to plants 
in the Zn sufficiency treatment, curling of the leaves and the presence of chlorotic and 
necrotic spots on the leaves (Figure 1 A and B). After 31 days of exposure to mild Zn deficiency, 
the accessions did not show any sign of Zn deficiency, which is why they were grown for an 
additional 10 days. Even then, only few accessions showed visual Zn deficiency symptoms, 
mainly slight chlorosis in leaves and reduction in growth (Figure 1 C and D), confirming that 
the treatment was indeed mild. Due to the death of most replications of the accession 
Cvi-0 under severe Zn deficiency, this accession was excluded from our further analysis.
Harvested rosettes were weighed to determine SFW and subsequently used to determine 
the shoot ionome profile of these accessions for the different Zn treatments. SDW was 
estimated based on the SDW/SFW ratio obtained from additional plants grown under the 
same experimental conditions. SDW and Zn concentration varied significantly between the 
accessions and in response to the different Zn deficiency treatments (Figure 2 A and B; 
Table S5). In both Zn deficiency treatments most of the accessions showed reduced SDW 
when compared to Zn sufficiency conditions, as would be expected, while few had a higher 
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Figure 1: Representative example of plants grown in hydroponic medium with sufficient Zn 
supply (2 µM ZnSO4) (A and C) or with insufficient Zn supply, either grown for 31 days in 
medium to which no Zn was added (0 µM ZnSO4; severe Zn deficiency treatment) (B); or 
grown for 41 days in medium to which 0.05 µM ZnSO4 was added (mild Zn deficiency) (D). 
Plants exposed to severe Zn deficiency show chlorosis, necrotic spots, stunted growth and 
curly leaves, while only some plants exposed to mild Zn deficiency show a slight chlorosis of 
the leaves. Accessions from left to right in rows from top to bottom: C24, Per-1, Tsu-0, Mc-0, 
Hau-0, Mt-0, Shah, Kas-2, Bor-4, Wag-3, Ors-1, Pa-2, Li-5:2, Ge-0, Can-0, Var 2-1, Ler-1, 
Cvi-0, Bur-0 and Col-0. Bars indicate 2 cm. 
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Figure 1: Representative example of plants grown in hydroponic mediu  ith sufficient 
Zn supply (2 µM ZnSO4) (A and C) or with insufficient Zn supply, either grown for 31 days 
in medium to which no Zn was added (severe Zn deficiency treatment) (B); or grown for 
41 days in medium to which 0.05 µM ZnSO4 was added (mild Zn deficiency) (D). Plants 
exposed to severe Zn defic ency show chlorosis, necrotic spots, stunted growth and urly 
leaves, while only some plants exposed to mild Zn deficiency show a slight chlorosis of the 
leaves. Accessions from left to right in rows from top to bottom: C24, Per-1, Tsu-0, Mc-0, 
Hau-0, Mt-0, Shah, Kas-2, Bor-4, Wag-3, Ors-1, Pa-2, Li-5:2, Ge-0, Can-0, Var 2-1, Ler-1, Cvi-
0, Bur-0 and Col-0. Bars indicate 2 cm.
SDW and apparently were not affected by the reduced Zn supply (Figure 3 A and B). The 
effect of the treatment was accession dependent for both SDW and Zn concentration 
under severe Zn deficiency and shoot Zn concentration under mild Zn deficiency (Table S5), 
indicating that A. thaliana accessions respond differently to the Zn deficiency treatments. 
Plants of the mild Zn deficiency experiment had a higher SDW than the plants of the 
severe Zn deficiency experiment, as they grew 10 days longer (Figure 2 A and B, Table S5).
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Figure 2: Shoot dry weight and Zn concentration measured in nineteen A. thaliana 
accessions grown hydroponically under Zn deficiency (represented in by grey filled circles) 
and Zn sufficiency or control (represented by black filled circles) conditions in the severe (A) 
and mild (B) Zn deficiency experiments. Average values and standard deviation are presented 
in Table S3. Significant differences between accessions and treatments are presented in Table 
S5. 
 
All accessions had a significant reduction in shoot Zn concentration, both in the severe and 
mild Zn deficiency treatment, in comparison to their respective Zn sufficiency controls (Table 
S5). Plants in the severe Zn deficiency treatment showed shoot Zn concentrations close to the 
minimum required by plants to grow, which is around 15-20 µg/g dry biomass (Marschner, 
1995) (Table S3). Plants exposed to mild Zn deficiency had shoot Zn concentrations 
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Figure 2: Shoot dry weight and Zn concentratio  measured in ninetee  A. thaliana 
accessions grown hydroponically under Zn deficiency (represented in by grey filled circles) 
and Zn sufficiency or control (represented by black filled circles) conditions in the severe (A) 
and mild (B) Zn deficiency experiments. Average values and standard errors are presented 
in Table S3. Significant differences between accessions and treatments are presented in 
Table S5.
All accessions had a significant reduction in shoot Zn concentration, both in the severe 
and mild Zn deficiency treatment, in comparison to their respective Zn sufficiency controls 
(Table S5). Plants in the severe Zn deficiency treatment showed shoot Zn concentrations 
close to the minimum required by plants to grow, which is around 15-20 µg/g dry 
biomass (Marschner, 1995) (Table S3). Pla ts expos d to mild Zn deficiency had hoot Zn 
concentrations approximately two times higher than those of plants exposed to severe Zn 
deficiency (Table S3). Shoot total Zn content was calculated based on the SDW and the 
Zn concentration. Accessions with a high shoot Zn concentration were not always among 
the accessions with a high shoot total Zn content, due to differences in SDW. Under mild 
Zn deficiency the accessions Tsu-0, Col-0 and Mt-0 showed the best overall performances 
in terms of having similar Zn concentrations to the other accessions and higher SDW 
across the Zn deficiency and sufficiency treatments used in this study. On the other 
hand, Pa-2, C24 and Li-5:2 had a poor performance under mild Zn deficiency (Figure 2).
Next to the absolute values, we also calculated the relative change in SDW and Zn 
concentration, by comparing plants exposed to severe and mild Zn deficiency to their 
respective Zn sufficiency treatments (Figure 3). Accessions showed significant variation for 
SDW and Zn concentration reduction in both Zn deficiency experiments (Table S4 and S7). 
The accessions Bor-4 and Hau-0 had an increase in SDW under severe Zn deficiency relative 
to the Zn sufficiency treatment (Figure 3 A). Bor-4 also showed an increase in SDW under 
mild Zn deficiency, as did Shah. In their respective Zn sufficiency treatments these three 
accessions were among the ones showing the lowest SDW. Pa-2, C24 and Li-5:2 showed the 
strongest relative change in SDW (Figure 3 B). This makes especially C24 one of the poorest 
accessions, being also one of the smallest accessions in the Zn sufficiency treatments. Pa-2 
showed the least change in shoot Zn concentration under both mild and severe Zn deficiency 
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Figure 3: Change in shoot dry weight (A and B); shoot Zn concentration (C and D); and 
shoot Zn total content (E and F) of the nineteen A. thaliana accessions grown under severe 
and mild Zn deficiency, relative to their respective Zn sufficiency treatments. Significant 
differences between accessions and treatments are presented in Tables S4 and S7. 
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Figure 3: Change in shoot dry weight (A and B); shoot Zn concentration (C and D); and 
shoot Zn total content (E and F) of the nineteen A. thaliana accessions grown under severe 
and mild Zn deficie cy, relative to their resp ctive Zn sufficiency treatments. Sig ificant 
differences between accessions and treatments are presented in Table S4 and S7.
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treatments relative to its respective Zn sufficiency treatments. This accession appears 
to have a poor ability to take up Zn both under Zn sufficiency and deficiency conditions 
which probably results in a limited capacity to grow in order to maintain its cellular Zn 
levels (Figure 3 C and D). On the other hand accessions like Tsu-0 and Mt-0 are able to 
maintain growth under Zn deficiency although their shoot Zn concentration is reduced.
Based on the SDW and Zn concentration measurements we calculated the ZnUI, which 
reflects the amount of biomass produced per unit of tissue Zn concentration (Siddiqi 
and Glass, 1981;Good et al., 2004). The accessions Mt-0 and Tsu-0 showed the highest 
ZnUI in both Zn deficiency treatments, while C24 and Pa-2 had the lowest values (Figure 
4A). We also observed variation in ZnUI between accessions grown under Zn sufficiency 
conditions (Figure 4B), but the range of ZnUI values in the Zn deficiency treatments 
was larger than in the Zn sufficiency treatments (Figure 4 and Table S3 and S6).
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Figure 4: Shoot Zn Usage Index (ZnUI) of plants grown hydroponically in the severe and 
mild Zn deficiency treatments (A) and their respective Zn sufficiency or control treatments 
(B). Significant differences between accessions and treatments are presented in Table S3 and 
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Figure 4: Shoot Zn Usage Index (ZnUI) of plants grown hydroponically in the severe and 
mild Zn deficiency treatments (A) and their respective Zn sufficiency or control treatments 
(B). Significant differences between accessions and treatments are presented in Table S3 
and S6.
3.2. Accessions with contrasting phenotypes show differential Zn deficiency responsive 
gene expression
From the twenty A. thaliana accessions we selected eight accessions with different 
ZnUI values in the mild Zn deficiency treatment to examine if natural variation for 
Zn deficiency tolerance is refle ted i  gene expression lev ls. We favoured mild over 
severe Zn deficiency as the variation for SDW was larger under mild than under severe 
Zn deficiency. In addition, mild Zn deficiencies will be more commonly found in nature 
than severe Zn deficiency. Can-0, Per-1, Pa-2, and C24 had low ZnUI values and were 
consid red m re sensitive to Zn deficiency, while Tsu-0, Col-0, Ge-0, and Bur-0 had high 
ZnUI values and were considered more tolerant to Zn deficiency (Table S3). Although not 
selected for it, these accessions, except Can-0, were also among the ones showing the 
lowest and highest ZnUI values in the severe Zn deficiency treatment (Figure 4, Table S3).
We det rmined the shoot expr ssio  of six genes involved in plant Zn deficiency and 
oxidative stress response. bZIP19, encodes one of the two redundant bZIP transcription 
factors which control Zn deficiency response in A. thaliana (Assunção et al., 2010). IRT3, ZIP4 
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Figure 5: Relative transcript abundance of bZIP19, ZIP3, ZIP4, IRT3, CSD2, and CA2 in 
eight A. thaliana accessions (Col-0, Tsu-0, Ge-0, Bur-0, Can-0, Per-1, Pa-2 and C24) grown 
under mild Zn deficiency (A, C, E, G, I and K) and severe Zn deficiency (B, D, F, H, J and L) 
and their respective Zn sufficiency or control treatments. Accessions are ranked from left 
to right according to decreasing ZnUI values as determined under mild Zn deficiency. The 
gene expression values are expressed relative to the gene expression values of Col-0 in 
each respective control treatment (severe and mild). Lower case letters denote statistically 
different groups when comparing the eight accessions using a two-way ANOVA with 
groupings by Tukey’s honestly significant difference (HSD) test using a 95% confidence 
interval, P values are shown in Table S5. Note that transcript abundance scales are 
different for the different genes. For ZIP3, ZIP4 and IRT3, log10-scales are used.
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and ZIP3 appear to be direct targets of bZIP19, all three encoding Zn transport proteins, and 
all transcriptionally induced upon Zn deficiency (Grotz et al., 1998;Lin et al., 2009;Assunção 
et al., 2010). CSD2 encodes a Cu/Zn superoxide dismutase which needs Zn as a structural 
component to function (Sharma et al., 2004) and CA2 encodes a carbonic anhydrase, which 
requires Zn as co-factor. CSD2 is needed for detoxification of superoxide radicals, while CA2 
facilitates the diffusion of CO
2
 through the liquid phase of the cell to the chloroplast, important 
for photosynthesis (Randall and Bouma, 1973;Li et al., 2013). Both CSD2 and CA2 are 
expected to decrease in expression upon Zn deficiency exposure (Ibarra-Laclette et al., 2013).
In the mild and severe Zn deficiency experiments there was a significant effect of treatment 
on the gene expression level for all the studied genes, except bZIP19 in the severe Zn 
deficiency treatment (Table S5). Only in the severe Zn deficiency treatment there was a 
significant difference in gene expression between accessions (Figure 5). Furthermore, the 
gene expression levels in response to the treatment were accession dependent (except 
for bZIP19) indicating that there is natural variation between A. thaliana accessions in 
their response to severe Zn deficiency stress at the gene expression level. Differences in 
gene expression between accessions under mild Zn deficiency stress were not significant.
The Zn deficiency responsive genes IRT3, ZIP4 and ZIP3 were strongly up-regulated in all 
accessions upon Zn deficiency in both treatments, confirming that plants sensed Zn deficiency 
in both the severe and the mild Zn deficiency treatments. The Zn deficiency tolerant accession, 
Tsu-0 had the strongest induction of these genes, while Per-1, which had a low ZnUI value, 
had the weakest induction of these genes under Zn deficiency (Figure 5). The expression of 
CSD2 was generally low under Zn deficiency, most in the mild deficiency treatment, which 
lasted longer (Figure 5 J). Expression of CA2 was also mainly down-regulated under mild 
Zn deficiency, while under severe Zn deficiency there were larger differences between the 
accessions, with strong up-regulation in the Zn deficiency tolerant accession Tsu-0 (Figure 5 L).
To further understand the relation between gene expression and Zn deficiency tolerance 
traits, we performed a correlation analysis (Figure 6). We found a negative correlation 
between shoot Zn concentration and the gene expression levels of ZIP3, and ZIP4 under 
mild Zn deficiency. However, we found a positive correlation between the expression levels 
of these genes and ZnUI and SDW. In addition, we found no correlation between Zn content 
and the expression levels of these genes. This suggests that these genes are not involved 
in the efficient uptake of Zn but in the efficient translocation and distribution of Zn under 
mild Zn deficiency conditions. In the severe Zn deficiency condition we found a positive 
correlation between ZIP4 and IRT3 expression levels with ZnUI. However, we found no 
correlation between expression levels of these genes and Zn concentration or SDW. This may 
indicate that under severe Zn deficiency these genes are able to increase the translocation 
and efficiency of Zn distribution, but this is not enough to significantly increase SDW 
because the amount of Zn available is already too low. Furthermore expression of bZIP19 
was highly correlated with expression of its target genes ZIP3, IRT3 and ZIP4 under mild Zn 
deficiency, and with expression of ZIP4 and IRT3, as well as CA2, under severe Zn deficiency.
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Figure 6: Pearson correlation coefficients between absolute gene expression levels and 
Zn deficiency related traits measured in eight A. thaliana accessions (Tsu-0, Col-0, Ge-0, 
Bur-0, Can-0, Per-1, Pa-2 and C24) grown under severe and mild Zn deficiency. Significant 
correlations are coloured in dark grey. ZnUI (Zn Usage Index); Shoot DW (dry weight); [Zn] 
(shoot Zn concentration); Zn Cont. (shoot total Zn content); SD (severe Zn deficiency) and 
MD (mild Zn deficiency).
3.3. Zn deficiency affects the ionome of A. thaliana accessions
The shoot ionome profile of the nineteen A. thaliana accessions was determined. Box 
plots of the combined results per element showed that there was substantial variation 
between treatments for almost all elements (Figure 7, Table S7). The Zn, Mg, Mo, Cu and 
Cd concentrations were significantly different between the Zn deficiency and sufficiency 
conditions in both mild and severe Zn deficiency experiments, while B, Na and Ca 
concentrations were only affected under mild Zn deficiency, and Mn and Fe concentrations 
only under severe Zn deficiency. When considering the Zn shoot concentration of all 
accessions we observed significant differences between severe and mild Zn deficiency 
conditions, but not between the two Zn sufficiency treatments (Figure 7, Table S7).
Broad sense heritability (H2) values were calculated to get an impression of the genetic 
contribution to the observed phenotypic variation between the studied accessions (Table 
1). Heritability values were generally higher when plants were grown for longer (mild 
Zn deficiency experiment) and when plants were exposed to the deficiency treatments 
compared to their Zn sufficiency treatments. The heritability for ZnUI was highest in 
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Figure 7: Box plots comparing element concentrations in shoots of nineteen A. thaliana 
accessions grown hydroponically under severe and mild Zn deficiency (-Zn) and their 
respective Zn sufficiency (+Zn) treatments. For each concentration the box represents the 
interquartile range (IQR), the bisecting line represents the median, the whiskers indicate 1.5 
times the IQR and the dots indicate outlier points. Lower case letters denote statistically 
different groups when comparing the four treatments using a one-way ANOVA with groupings 
by Tukey’s HSD test using a 95% confidence interval, p-values are shown in Table S7. For 
every treatment we used five plants of each accession, performing a total of 100 samples. 
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Figure 7: Box plots comparing element concentrations in shoots of nineteen A. thaliana 
accessions grown hydroponically under severe and mild Zn deficiency (-Zn) and their 
respective Zn sufficiency (+Zn) treatm n s. For each concentration the box repres nts the 
interquartile range (IQR), the bisecting line represents the median, the whiskers indicate 
1.5 times the IQR and the dots indicate outlier points. Lower case letters denote statistically 
different groups when comparing the four treatments using a one-way ANOVA with 
groupings by Tukey’  HSD test usin  a 95% confidence interval, p-v lues are shown in Table 
S7. For every treatment we used five plants of each accession.
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the mild Zn deficiency treatment, suggesting that under those conditions a large part of 
the observed variation is due to genetic differences between accessions. The lowest 
heritability was found for Fe concentration, in both Zn sufficiency conditions, which 
suggests that the concentration of this element is under tight genetic control, which allows 
only little opportunity for genetic variation between accessions. The highest heritability 
was found for Mo, with an extremely high value of 0.97 under mild Zn deficiency. This 
means that the concentration of this element is not much affected by environmental 
effects and is largely under genetic control. Heritability values for Zn concentrations and 
Zn content ranged from 0.41 to 0.65. Although lowest under the extreme treatment 
of severe Zn deficiency a large part of the observed variation is of genetic origin.
Traits (H2)
Mild
Zn sufficiency
Mild
Zn deficiency
Severe
Zn sufficiency
Severe
Zn deficiency
SFW 0.44 0.62 0.41 0.66
SDW 0.68 0.78 0.40 0.48
ZnUI 0.65 0.81 0.40 0.57
Shoot Zn Content 0.60 0.62 0.50 0.41
[Zn] 0.63 0.65 0.60 0.49
[Mn] 0.68 0.69 0.60 0.64
[Fe] 0.36 0.53 0.32 0.83
[Cu] 0.50 0.75 0.59 0.38
[Mo] 0.91 0.97 0.86 0.75
[Cd] 0.59 0.73 0.49 0.76
[B] 0.67 0.51 0.63 0.78
[Na] 0.48 0.37 0.55 0.60
[Mg] 0.59 0.71 0.55 0.46
[P] 0.62 0.71 0.44 0.72
[S] 0.45 0.59 0.53 0.58
[K] 0.51 0.65 0.46 0.48
[Ca] 0.72 0.69 0.42 0.52
Table 1: Broad sense heritability (H2) values for the traits measured in shoots of nineteen 
A. thaliana accessions grown hydroponically under Zn deficiency and sufficiency conditions 
of the severe (31 days of growth) and mild Zn deficiency (41 days of growth) experiments. 
Traits abbreviations: SFW - shoot fresh weight (g), SDW - shoot dry weight (mg); ZnUI - Zn 
Usage Index; Shoot Total Zn Content (µg) and [Zn] - Zn and other elements concentrations 
(ppm - µg.g-1 dry weight).
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3.4. Classification of the plant Zn deficiency state using multinomial logistic regression 
We designed a multinomial logistic regression (MLR) model, similar to the model 
described by Baxter et al. (2008b), to enable the classification of plant Zn deficiency 
status based on its ionomic profile. Normalized element concentrations were used in 
the MLR model for 11 elements which concentrations could be reliably measured (B, 
Mg, P, S, K, Ca, Mn, Fe, Cu, Zn and Mo). The severe and mild Zn deficiency treatments in 
the MLR model had their log-odds ratio with respect to the Zn sufficiency control group 
extracted. Hence, plants can either be in a Zn sufficiency, mild Zn deficient or severe Zn 
deficient state. These states have probabilities, p_Zn sufficiency, p_mild Zn deficiency 
and p_severe Zn deficiency, which are a function of the element concentrations. The 
prediction for the state of a new plant is defined as the category with the highest probability.
Table 2: Prediction performance values for each element used in a logistic regression model 
to predict plant state, distinguishing Zn sufficiency control plants and plants suffering from 
severe or mild Zn deficiency.
UNIVARIATE 
MODELS Average Zn Sufficiency
Severe
Zn Deficiency
Mild
Zn Deficiency
B 0.4804 0.914 0.002 0.0837
Mg 0.5442 0.901 0.364 0
P 0.5025 1 0 0
S 0.5005 0.993 0 0.0061
K 0.5005 0.991 0 0.0102
Ca 0.5427 0.949 0 0.2673
Mn 0.5467 0.882 0.412 0
Fe 0.5608 0.977 0.278 0
Cu 0.6276 0.877 0.716 0.0286
Zn 0.9744 0.996 0.92 0.9857
Mo 0.509 0.911 0.204 0
MULTIVARIATE 
MODELS Average Zn Sufficiency
Severe
Zn Deficiency
Mild
Zn Deficiency
All elements except 
Zn
0.7962 0.8738 0.7750 0.6596
All elements 0.9681 0.9921 0.9332 0.9549
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To assess each element’s ability to predict the plant status, we first fitted a univariate MLR 
model for each element. Subsequently we fitted a multivariate MLR model, including a 
LASSO penalty, which is a multiple of the absolute values of the regression coefficients. 
The level of penalization was chosen by 10-fold cross-validation. Hence, at the ‘outer’ 
level this procedure draws subsamples of the data to assess prediction performance, 
and cross-validation at the ‘inner’ level to choose the appropriate penalization. Finally, 
we also fitted a multivariate MLR model for the element concentrations excluding Zn.
Given the normalized element concentrations, the MLR models enabled the differentiation 
between plants facing severe Zn deficiency, mild Zn deficiency, and Zn sufficiency conditions. 
The univariate model (i.e. with a single element as only predictor) performed poorly for 
most elements, and often mistakenly identified plants under Zn deficiency as Zn sufficiency. 
Zn concentration, on the other hand, separates the three classes very well, with prediction 
accuracies ranging from 0.92 for the plants under severe Zn deficiency to 0.99 for the Zn 
sufficiency plants. This is expected, given that the Zn supply concentration varied. Cu has good 
prediction performance for severe Zn deficiency, while Ca is the only element (apart from 
Zn) that identified a substantial number of the plants under mild Zn deficiency (Table 2). Mg, 
Mn, Fe, and Mo performed only marginally well, having to some extent the ability to identify 
plants under severe or mild Zn deficiency. For the other elements (B, P, S, and K) the univariate 
model performs hardly better than a naïve classifier that would always predict Zn sufficiency.
A penalized multivariate model fitted on all elements, except Zn, performed much better: the 
accuracy for mild (0.6596) and severe Zn deficiency (0.7750) is far higher than with any element 
alone (again, except Zn), and the accuracy for the Zn sufficiency controls (0.8738) is still very 
good. The penalized multivariate model fitted on all elements (including Zn) and performed 
similar to the model with Zn alone, the latter having higher accuracy for the Zn sufficiency 
and mild Zn deficiency treatments and less on the severe Zn deficient plants (Table 2).
4. Discussion
Both the mild and the severe Zn deficiency treatments induced a response in the tested A. 
thaliana accessions, even though under mild Zn deficiency, hardly any visible symptoms could 
be observed. The response to both levels of Zn deficiency stress were comparable for most 
of the accessions, but the variation observed in the mild deficiency treatment appears to be 
more amenable to genetic analysis, with generally higher trait heritability values. The lower 
heritability values observed in plants grown under severe Zn deficiency may be a result of the 
stress severity. In this context the stress faced by the plants is beyond the genetic capacity of 
most accessions to still tolerate such low levels of Zn concentration. In addition, the severe 
Zn deficiency treatment we imposed will be very rarely encountered by A. thaliana in nature. 
This would explain why tolerance to such conditions will not have evolved in this species. 
Zn concentration in soils around the world where A. thaliana plants are found range from 
18 to 290 mg/Kg of Zn while Zn concentration in the leaves of A. thaliana plants grown in 
these regions can range from 43 to 254 mg/Kg of Zn (www.ionomicshub.org/ionomicsatlas).
We demonstrated that A. thaliana accessions may vary for the minimum Zn concentration 
required for optimal growth, which is likely to contribute to differences in Zn deficiency 
tolerance. Zn concentrations in rosettes of plants exposed to severe Zn deficiency approached 
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the minimum concentration of 15-20 ppm suggested by Marschner (1995) to be required for 
plants to grow. Although the plants were exposed to this extreme Zn deficiency treatment 
for a considerable length of time (31 days), there were still accessions that had not reached 
this minimum concentration (Table S3). However, based on the extensive chlorosis that 
nearly all accessions displayed, growth will have ceased at that time. Thus, it looks like there 
is variation between accessions for this minimum Zn concentration requirement. Similar 
findings were reported for other species, of which genotypes with different Zn deficiency 
tolerance levels had similar shoot Zn concentrations (Cakmak et al., 1998;Rengel, 2001;Genc 
et al., 2002;Hacisalihoglu et al., 2003;Wissuwa et al., 2006;Sadeghzadeh et al., 2009). Under 
mild Zn deficiency, only a few accessions had Zn concentrations around the suggested 
minimum, explaining why most did not show visible phenotypes, although growth had 
decreased compared to Zn sufficiency conditions. Such mild conditions appear to be much 
more suitable for use in genetic analysis of the Zn deficiency response in A. thaliana, as it 
is more likely to reveal genetic variation relevant to adaptation under natural conditions.
We measured Zn deficiency tolerance based on two parameters: (1) the relative change in 
SDW and Zn concentration between plants grown under Zn deficiency and Zn sufficiency 
conditions; and (2) the Zn Usage Index (ZnUI), which reflects the amount of biomass 
produced per unit of Zn concentration. The change in SDW and Zn concentration are 
attractive traits to monitor when aiming to optimise crop yield and Zn concentration under 
Zn deficiency conditions. Furthermore, plants responding with a small change in SDW and 
shoot Zn concentration to Zn deficiency are more likely to provide higher crop yields with 
higher shoot Zn concentrations under reduced Zn supply. On the other hand, the study of 
natural variation for ZnUI will specifically reveal the mechanisms involved in a higher Zn 
use efficiency, i.e. the ability to produce more biomass with less Zn. In support of this, ZnUI 
is preferably used in studies aiming to compare genotypes which do not show substantial 
differences in shoot Zn concentration, but show differences in biomass production 
under Zn deficiency (Siddiqi and Glass, 1981;Marschner, 1995;Cakmak et al., 1998;Good 
et al., 2004). Both parameters have been widely used by other authors for quantifying 
tolerance to Zn deficiency (Graham et al., 1992;Rengel and Graham, 1996;Cakmak et al., 
1998;Hacisalihoglu et al., 2004;Genc et al., 2006;Ghandilyan et al., 2012;Karim et al., 2012).
In this study we found that plants grown under Zn deficiency showed differences for the 
change in SDW and to a lower extent in shoot Zn concentration when compared to plants 
grown on sufficient Zn. These findings suggest that some of the variation in SDW may be due 
to differences in the Zn uptake capacity and in the minimal Zn concentration needed by each 
accession to maintain growth. As an example of this we also found that the accession Tsu-0 
had a similar Zn concentration as the other accessions, but a higher SDW across the four 
treatments studied, probably due to a higher ability of taking up Zn in comparison to the other 
accessions. On the other hand, accessions such as Pa-2, which had a strong decrease in SDW 
but a small decrease in shoot Zn concentration, may have a low Zn uptake capacity and has 
a limited biomass production in order to maintain the shoot Zn concentration. In addition, 
some of the accessions showed an increase in biomass production in response to the (mainly 
mild) Zn deficiency treatment, which provides further indication that accessions vary for the 
minimum Zn concentration required for growth. The ability to enhance the Zn uptake from soils 
is among the proposed mechanisms underlying plants increased tolerance to Zn deficiency 
(Rengel, 2001). Other factors which are suggested to be involved in a higher tolerance to Zn 
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deficiency are: the ability to increase bioavailability of Zn present in the soil, improved root 
system architecture which enables the scavenging of a larger soil volume, a more efficient 
utilization and compartmentalization of Zn within the plant and a higher resistance to ROS 
(Cakmak et al., 1996;Cakmak, 2000;Rengel, 2001;Gao et al., 2005;Genc et al., 2006;Hoffland 
et al., 2006;Wissuwa et al., 2006;Chen et al., 2009;Impa et al., 2013a;Impa et al., 2013b).
At the molecular level we observed differences between gene expression levels which may 
underlie variation in biomass production and Zn deficiency tolerance among the studied 
A. thaliana accessions. We found a positive correlation between ZIP3 and ZIP4 expression 
levels and the traits ZnUI and SDW in addition to a negative correlation between shoot Zn 
concentration and the expression levels of these genes under mild Zn deficiency. This suggests 
that in accessions more tolerant to Zn deficiency the higher expression of ZIP3 and ZIP4 may 
have resulted in a more efficient translocation and distribution of Zn in shoots under mild 
Zn deficiency. Under severe Zn deficiency we also found a positive correlation between ZIP4 
and IRT3 expression levels and ZnUI. However, we found no correlation between expression 
levels of these genes and Zn concentration or SDW. This may indicate that under severe Zn 
deficiency these genes are not able to increase Zn translocation because of the already low 
amount of Zn available for the plant to take up at the root level. In support for this hypothesis, 
Rengel (2001) suggests that when plants are exposed to very low Zn concentrations the 
capacity of Zn2+ replenishment at the root surface is lower than the capacity of cells to take up 
Zn2+ and processes involved in a higher ability to take up Zn become of secondary importance.
In addition to differences in the gene expression level, other factors may be responsible for 
the variation observed in the response to Zn deficiency between the studied accessions. 
Differences between the accessions for SDW and Zn concentration in shoots could reflect 
other processes involved in Zn deficiency tolerance such as a higher capacity of resisting 
oxidative stress and a better utilization of Zn (Rengel, 2001;Sinclair and Kramer, 2012). In 
line with this idea we found differences in the level of expression among accessions of the 
genes CA2 and CSD2. Both genes encode enzymes which need Zn as a structural component 
or as a co-factor (Sunkar et al., 2006;Ferreira et al., 2008) and showed in most cases low 
relative expression under Zn deficiency. This indicates that a Zn economy mechanism might 
operate in A. thaliana under Zn deficiency and as a result the expression and turn-over 
rate of CSD2 and CA2 is adjusted to the level of Zn available. Similarly, under Cu deficiency, 
Cu is relocated from CSD1 and CSD2 to supply the photosynthetic electron transport chain 
(Gayomba et al., 2013). In addition, Li et al. (2013) showed that in Sorghum bicolor plants 
exposed to Zn deficiency CA2 is preferred over CSD2 for Zn delivery upon Zn re-supply.
Based on the observed differences in the expression levels of the Zn deficiency responsive 
genes, SDW, shoot Zn content and Zn concentration, we propose two possible strategies 
on how different accessions may respond in the gene expression level to the severe and 
mild Zn deficiency treatments (Figure 8). We propose that under severe Zn deficiency, 
plants with contrasting expression levels of the Zn deficiency responsive genes have already 
induced their gene expression levels to a maximum. However, the replenishment of Zn2+ 
at the root surface under severe Zn deficiency will be lower than the capacity of root cells 
to take up Zn2+ and they are no longer able to take up sufficient Zn2+ from the medium to 
sustain growth and maintain the Zn cellular concentrations at a minimum level. Therefore, 
differences in growth between accessions under severe Zn deficiency are smaller and reflect 
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more differences in the minimum Zn concentration accessions require for growth and other 
processes involved in Zn deficiency tolerance. On the other hand, under mild Zn deficiency 
plants will still able to take up some Zn2+ from the media, at least enough to fulfil their 
minimum Zn requirements and continue growing. As a result, their Zn responsive genes 
expression levels are not yet at a maximum and not variable between accessions, while 
differences in biomass production between accessions are more pronounced in comparison 
to the severe Zn deficiency treatment, due to differences in the minimum Zn concentration 
required for growth between accessions. However, further experimentation at a detailed 
time scaling and using different levels of Zn supply will be needed to validate these strategies.
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Figure 8: Diagrams depicting two strategies of hypothetical Arabidopsis thaliana accessions 
in increasing their biomass after exposure to severe (A) or mild (B) Zn deficiency. Arrows 
represent differences in ZIP gene expression between the two hypothetical accessions with 
differences in the Zn uptake capacity and in the required minimum level of Zn to promote 
growth after exposure to Zn deficiency across a certain period of time. 
 
Besides affecting the Zn concentration in the shoot, we also found that exposure to Zn 
deficiency affected the concentrations of other elements. Fe and Mn concentrations have been 
found previously to vary in A. thaliana plants with variation in Zn supply (either deficiency or 
excess) (van de Mortel et al., 2006;Shanmugam et al., 2011;Gruber et al., 2013). Similar 
effects as for Zn deficiency are also described for Fe deficiency, e.g. Baxter et al. (2008b) 
demonstrated that the concentrations of Zn, Mn, Co, and Cd increased in A. thaliana plants 
grown under Fe deficiency when compared to sufficient Fe supply. This was attributed to the 
enhanced expression of IRT1 which encodes a transmembrane transporter up-regulated under 
Fe deficiency and able to transport not only Fe, but also Zn, Mn, Co, and Cd (Vert et al., 
2002). The increase in Fe, Mn, Co and Cd concentrations are thus likely to be due to the 
enhanced expression of transporters involved in Zn uptake, as we showed for IRT3, ZIP3 and 
ZIP4. Several of these transporters have the ability of transporting other elements besides Zn 
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Figure 8: Diagrams depicting two strategies of hypothetical Arabidopsis thaliana 
accessions in increasing their biomass after exposure to severe (A) or mild (B) Zn deficiency. 
Arrows present difference in ZIP gene expression between the two hypothetical 
accessions with differences in the Zn uptake capacity and in the required minimum level of 
Zn to promote growth after exposure to Zn deficiency across a certain period of time.
Besides affecting the Zn concentration in the shoot, we also found that exposure to Zn 
deficiency affected the concentrations of other elements. Fe and Mn concentrations have 
been found previously to vary in A. thaliana plants ith variation in Zn supply (either 
deficiency or excess) (van de Mortel et al., 2006;Shanmugam et al., 2011;Gruber et al., 
2013). Similar effects as for Zn deficiency are also described for Fe deficiency, e.g. Baxter 
et al. (2008b) demonstrated that the concentrations of Zn, Mn, Co, and Cd increased 
in A. thaliana plants grown under Fe deficiency when compared to sufficient Fe supply. 
This was attributed to the enhanced expression of IRT1 which encodes a transmembrane 
transporter up-regulated under Fe deficiency and able to transport not only Fe, but also 
Zn, Mn, Co, and Cd (Vert et al., 2002). The increase in Fe, Mn, Co and Cd concentrations 
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are thus likely to be due to the enhanced expression of genes encoding transporters 
involved in Zn uptake, as we showed for IRT3, ZIP3 and ZIP4. Several of these transporters 
have the ability of transporting other elements besides Zn and likewise for several other 
members of the A. thaliana Zinc-Regulated Transporter, Iron Regulated Transporter (ZRT-
IRT)-like family of proteins (Eide et al., 1996;Grotz et al., 1998;Connolly, 2002;Wintz et al., 
2003;Lin et al., 2009;Milner et al., 2013;Shanmugam et al., 2013). The same appears to 
be the case for other types of transporters involved in mineral sequestration and tissue 
distribution. The increase in the concentration of minerals other than Zn upon Zn deficiency 
is not restricted to A. thaliana, but has been described for other plant species (Cakmak 
et al., 1996;Rengel and Graham, 1996;Wu et al., 2007). In addition, we hypothesized that 
the increased concentrations of other elements under severe Zn deficiency may have 
attenuated the oxidative stress response, explaining the stronger visual symptoms of 
chlorosis and necrotic spots in leaves of the severe Zn deficiency stressed plants. Cakmak 
(2000) previously described a relation between the increase in Fe concentration under 
Zn deficiency and its effect on the development of oxidative stress symptoms due to the 
elevated formation of reactive oxygen species (ROS) by increasing replacement of Zn2+ by Fe2+.
The variation for heritability values observed between element concentrations indicates 
that elements have different degrees of genetic variation and dependence on environmental 
factors (Richard et al., 2011). In this study the low heritability values observed for Fe 
concentration under Zn sufficiency conditions reflect the smaller variation for Fe concentration 
observed among genotypes when grown under optimal Zn conditions. Low heritability 
values for Fe concentration in plants grown under Zn sufficiency conditions were also found 
by Ghandilyan et al. (2009) when studying an A. thaliana RIL population (An-1 x Ler) and by 
Baxter et al. (2012) in a set of 96 A. thaliana accessions. Other studies have also observed a 
large variation in heritability values for element concentrations, which reflects the genetic 
heterogeneity of A. thaliana accessions (Baxter et al., 2008a;Ghandilyan et al., 2009;Richard 
et al., 2011;Baxter et al., 2012;Kiani et al., 2012). This indicates that determining element 
concentrations for different genotypes will be more informative for unravelling the genetic 
basis of mineral homeostasis than measuring highly derived traits, such as SFW or SDW.
Finally, monitoring specific changes in the shoot ionome of A. thaliana accessions 
grown under different levels of Zn nutrition enabled us to build a MLR model capable of 
differentiating the physiological status of genotypes exposed to Zn deficiency based on 
the concentration of other elements. Nevertheless, we demonstrated that the prediction 
accuracy in the MLR model increased by including Zn concentrations in the model. This is 
different from what was reported by Baxter et al. (2008b), who used a similar approach 
to estimate the physiological status of A. thaliana plants when plants are exposed to Fe 
or P (phosphorus) deficiency. Similarly to our results Baxter et al. (2008b) observed 
differences in P concentration between the P deficiency and sufficiency treatments. 
However, when P concentrations were included in their model, the accuracy decreased, 
opposite to what we found when including Zn concentrations. This could be because 
we included two different Zn deficiency treatments and thus incorporated more data 
points, while only one deficiency treatment was used in the P deficiency study (Baxter et 
al., 2008b). Also important was that Zn concentrations in shoots of plants grown under 
severe and mild Zn deficiency were significantly different, next to being extremely low.
39
5. Conclusion
Zn deficiency has a strong effect on the growth, ionome and gene expression level of Zn 
deficiency responsive genes in A. thaliana. This effect is not the same for the twenty tested 
A. thaliana accessions, indicating the presence of natural genetic variation in the examined 
traits. The ZnUI and the change in SDW and Zn concentration are good predictors for Zn 
deficiency tolerance. Phenotypic differences among plants exposed to severe and mild Zn 
deficiency reflect an increase in shoot Fe and Mn concentration, which is most apparent 
under severe Zn deficiency. Furthermore, the shoot ionome profile can be used as a 
predictor for the plant Zn deficiency status based on changes in the concentration of other 
elements than Zn. Finally, the combined analyses of shoot gene expression level, ZnUI and 
SDW indicate that accessions vary in the minimum Zn concentration required for growth. In 
addition, these analyzes indicated that accessions more tolerant to Zn deficiency have a better 
ability of translocating and distributing Zn in the shoot and a higher resistance to oxidative 
stress. These parameters are useful as a proxy to evaluate plants tolerance to Zn deficiency.
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Supplemental data
Table S1: Detailed information of the twenty A. thaliana accessions used in this study. * 
Represents mis-identified accessions and their original location might not be correct, see 
(Anastasio et al., 2011).
ABRC new
Stock Number
ABRC old
Stock number
Native Name Origin Latitude Longitude
CS28343 CS6734 Hau-0 Denmark 55.67 12.56
CS28457 CS6909 Li-5:2 Germany 50.38 8.06
CS28490 CS1362 Mc-0 UK 54.61 -2.30
CS28595 CS6826 Pa-2 Italy 38.07 13.22
CS28780 CS6874 Tsu-0 Japan 34.43 136.31
CS28808 CS22542 Wag-3 The Netherlands 51.96 5.61
CS28848 CS22672 Ors-1 Romania 44.72 22.39
CS76100 CS22591 Bor-4 Czech Republic 49.40 16.23
CS76105 CS22656 Bur-0 Ireland 54.10 -6.20
CS76106 CS22620 C24 Portugal 41.25 -8.42
CS76109 N1065 Can-0 Spain 29.21 -13.48
*CS76113 CS22625 Col-0 unknown - -
CS76116 CS22614 Cvi-0 Cape Verde Islands 15.11 -23.61
CS76135 N1187 Ge-0 Switzerland 46.50 6.08
CS76150 CS6751 Kas-2 Kashmir 35.00 77.00
*CS76164 CS22618 Ler-1 Poland 52.73 15.23
CS76192 CS22642 Mt-0 Libya 32.34 22.46
CS76210 N1445 Per-1 Russia 58.00 56.31
CS76227 CS22652 Shah Tajikistan 38.35 68.48
CS76298 CS22580 Var 2-1 Sweden 56.14 15.78
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Table S2: Sequences of oligonucleotides used as primers for the qRT-PCR.
Gene Primer Orientation Primer Sequence (5’ – 3’)
bZIP19
Forward
CGTGCTTCCATGTCCACACC
Reverse
CCCGGTTTCCCAAAGGTCTC
ZIP3
Forward
CTCCTTCTCATCGCCGTCGT
Reverse
CGAGCTCCGGCTTTGTTTTC
ZIP4
Forward
GGCTGCATCTCTCAGGCACA
Reverse
GGCCACTGCAGTTCCAATCC
CA2
Forward
GCCAAAGGTCAAAGCCCAAA
Reverse
CGAAGGCATCTCCAGGATGG
CSD2
Forward
ATGGCGTGGCAGAAACAACA
Reverse
CACCCTTTCCGAGGTCATCC
PEX4
Forward
ATCCTGAGCCGGACAGTCCTC
Reverse
CATAGCGGCGAGGCGTGTAT
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Table S5: Results of the two-way ANOVA analysis performed for shoot dry weight (SDW), 
shoot Zn concentration ([Zn]), shoot Zn content, Zn Usage Index (ZnUI) and gene expression 
ΔCT values to test for significant differences between treatments, accessions and the 
interaction between treatments and accessions. Analyses were performed separately for 
the severe and mild Zn deficiency experiments, with a cut-off for significance of p < 0.05.
Trait Treatment Accession Treatment * Accession
SDW Severe F
1,1
 = 69.00, P = 0.000 F
1,18
 = 3.13, P = 0.000 F
1,18
 = 2.134, P = 0.006
SDW Mild F
1,1
 = 22.705, P = 0.000 F
1,18 
= 20.28, P = 0.000 F
1,18
 = 1.581, P = 0.067
Shoot [Zn] Severe F
1,1
 = 4003.63, P = 0.000 F
1,18
 = 4.97, P = 0.000 F
1,18
 = 5.93, P = 0.000
Shoot [Zn] Mild F
1,1
 = 5327.86, P = 0.006 F
1,18
 = 9.58, P = 0.000 F
1,18
 = 4.92, P = 0.000
Shoot Zn content Severe F
1,1
 = 2373.15, P = 0.000 F
1,18
 = 2.79, P = 0.000 F
1,18
 = 3.59, P = 0.000
Shoot Zn content Mild F
1,1
 = 1039.77, P = 0.000 F
1,18
 = 10.44, P = 0.000 F
1,18
 = 1.43, P = 0.121
ZnUI Severe F
1,1
 = 1375.89, P = 0.000 F
1,18
 = 5.51, P = 0.000 F
1,18
 = 4.09, P = 0.000
ZnUI Mild F
1,1
 = 833.80, P = 0.000 F
1,18
 = 15.56, P = 0.000 F
1,18
 = 5.27, P = 0.000
bZIP19 Severe F
1,1
 = 1.369, P = 0.251 F
1,7
 = 3.455, P = 0.007 F
1,7
 = 0.619, P = 0.736
bZIP19 Mild F
1,1
 = 4.766, P = 0.036 F
1,7
 = 1.425, P = 0.230 F
1,7
 = 0.53, P = 0.805
ZIP3 Severe F
1,1
 = 119.062, P = 0.000 F
1,7
 = 13.02, P = 0.000 F
1,7
 = 9.08, P = 0.000
ZIP3 Mild F
1,1
 = 4.192, P = 0.049 F
1,7
 = 1.78, P = 0.125 F
1,7
 = 1.14, P = 0.362
ZIP4 Severe F
1,1
 = 19.591, P = 0.000 F
1,7
 = 3.076, P = 0.014 F
1,7
 = 3.102, P = 0.013
ZIP4 Mild F
1,1
 = 40.244, P = 0.000 F
1,7
 = 0.83, P = 0.570 F
1,7
 = 0.914, P = 0.508
IRT3 Severe F
1,1
 = 31.697, P = 0.000 F
1,7
 = 2.686, P = 0.026 F
1,7
 = 2.72, P = 0.025
IRT3 Mild F
1,1
 = 57.892, P = 0.000 F
1,7
 = 1.456, P = 0.218 F
1,7
 = 1.77, P = 0.127
CSD2 Severe F
1,1
 = 23.004, P = 0.000 F
1,1
 = 8.182, P = 0.000 F
1,7
 = 2.574, P = 0.032
CSD2 Mild F
1,1
 = 20.882, P = 0.000 F
1,7
 = 2.311, P = 0.050 F
1,7
 = 1.755, P = 0.131
CA2 Severe F
1,1
 = 7.65, P = 0.009 F
1,7
 = 9.19, P = 0.000 F
1,7
 = 11.584, P = 0.000
CA2 Mild F
1,1
 = 15.62, P = 0.000 F
1,7
 = 0.702, P = 0.670 F
1,7
 = 0.343, P = 0.928
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Table S6: Results of the one-way ANOVA analysis performed for change in shoot dry weight 
(SDW),change in shoot Zn concentration (shoot [Zn]) and change in shoot Zn content to 
test for significant differences between accessions. Analyses were performed separately for 
the severe and mild Zn deficiency experiments, with a cut-off for significance of p < 0.05.
Trait Accession
Change in SDW Severe F
1,18
 = 6.85, P = 0.000
Change in SDW Mild F
1,18
 = 5.93, P = 0.000
Change in shoot [Zn] Severe F
1,18
 = 5.37, P = 0.000
Change in shoot [Zn] Mild F
1,18
 = 11.94, P = 0.000
Change in shoot Zn content Severe F
1,18
 = 5.21, P = 0.000
Change in shoot Zn content Mild F
1,18
 = 3.19, P = 0.000
Trait Treatment Corrected p value
[B] F
1,3
 = 102.006, P = 0.000 0.000
[Na] F
1,3
 = 82.847, P = 0.000 0.000
[Mg] F
1,3
 = 45.812, P = 0.000 0.000
[P] F
1,3
 = 7.900, P = 0.000 0.000
[S] F
1,3
 = 3.162, P = 0.025 0.027
[K] F
1,3
 = 2.197, P = 0.088 1.144
[Ca] F
1,3
 = 15.051, P = 0.000 0.000
[Mn] F
1,3
 = 26.204, P = 0.000 0.000
[Fe] F
1,3
 = 26.864, P = 0.000 0.000
[Cu] F
1,3
 = 85.381, P = 0.000 0.000
[Zn] F
1,3
 = 1405.262, P = 0.000 0.000
[Mo] F
1,3
 = 26.660, P = 0.000 0.000
[Cd] F
1,3
 = 838.736, P = 0.000 0.000
Table S7: Results of the one-way ANOVA analysis performed for log10-transformed values 
of shoot elements concentration to test for significant differences between treatments 
(Severe Control, Severe Zn deficiency, Mild Control and Mild Zn Deficiency). A Benjamini-
Hochberg multiple comparisons correction was performed and the corrected p values are 
shown. A cut-off for significance of p < 0.05 was used.
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3. Natural variation in root morphology and ionome in response to Zn 
deficiency in Arabidopsis thaliana
Ana Carolina A. L. Campos, John Danku, David E. Salt, Mark G. M. Aarts
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Abstract
Zn deficiency is a widespread problem in soils around the world leading to agricultural losses 
and the production of plant products with low Zn content. The study of natural variation 
of plants in their response to low Zn enables the identification of processes controlling Zn 
homeostasis and genotypes showing higher tolerance to Zn deficiency. In this study root system 
architecture and ionome were characterized in a set of twenty diverse Arabidopsis thaliana 
accessions exposed to different levels of Zn deficiency. Plants were grown hydroponically and 
on agar plates. The traits analysed were: root biomass, root total length, root surface area, 
root average diameter, number of lateral roots and element concentrations. Accessions had 
large natural variation in root growth and morphological traits, both under Zn sufficiency 
and Zn deficiency, demonstrating the genetic control of plasticity in these environmental 
conditions. Our results indicate that variation in Zn deficiency tolerance between accessions 
at the root level may result from differences in root morphology, Zn uptake capacity and 
in the minimum Zn concentration required for growth. Zn deficiency caused a reduction 
in root growth mainly reflected in changes in root total length (RTL), number of lateral 
roots (NLR), and root Zn concentration. Roots from plants grown on agar plates were 
more affected by the Zn deficiency treatment when it was applied at early developmental 
stages. Zn deficiency also induced important changes in the root ionome, reinforced by the 
observed correlation between root traits and element concentrations under Zn deficiency. 
Based on the correlations between root traits of plants grown hydroponically and on agar 
plates we observed that the cultivation system has a significant effect on root growth and 
morphology in response to Zn deficiency, but show similar results under Zn sufficiency 
conditions. Finally, we were able to identify accessions with contrasting tolerance to Zn 
deficiency at the root level which is a valuable starting material for future genetic studies.
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1. Introduction
Plants are sessile organisms and have to adapt to the conditions in their surrounding 
environment in order to ensure their performance and growth. The root has an essential 
role in nutrients and water acquisition and also in providing support for the shoot 
growth. Additionally, it can store photoassimilates, synthesize phytohormones and be 
used for clonal propagation (Osmont et al., 2007). Thus, the ability of plants to alter traits 
related to root growth and morphology is very important to assure their access to vital 
resources, such as nutrients and water (Marschner, 1995;Osmont et al., 2007;Potters 
et al., 2007;Péret et al., 2009). Root system architecture represents the arrangement of 
roots in the soil with its branches of different ages and orders (Malamy and Ryan, 2001).
The fundamental morphology of roots is determined by genetic factors, but it can be 
modified by environmental factors such as nutrient availability in the soil (López-Bucio 
et al., 2003;Hodge et al., 2009;Gruber et al., 2013). Variation in nutrient concentrations 
or availability is known to affect root system architecture (Forde and Lorenzo, 2001). 
For instance, phosphorous shortage induces the formation of shallower roots which 
favours the exploitation of phosphorous in the top soil layer where it is more available 
(López-Bucio et al., 2003). When facing nutrient deficiency or excess, plants will not 
only change their root architecture, but also alter their internal elemental homeostasis 
to achieve a nutritional equilibrium (Lequeux et al., 2010;Jain et al., 2013). Plant 
phytohormones, such as auxins and cytokinins are also important in shaping the 
root system architecture (Aloni et al., 2006;Jones and Ljung, 2012;Sofo et al., 2013).
Extensive diversity for several traits including root system architecture have been 
identified by studying natural genetic variation among wild-collected Arabidopsis thaliana 
accessions (Mouchel et al., 2004;Alonso-Blanco et al., 2009;Pacheco-Villalobos and 
Hardtke, 2012). Intra-specific genetic variation for root developmental plasticity has also 
been described for other plants species, including Hordeum vulgare (barley), Brassica 
napus and Medicago trunculata (Genc et al., 2007;Schultz et al., 2010;Shi et al., 2013). The 
understanding of plants responses to low Zn and the natural variation of traits involved 
in tolerance to Zn deficiency is of paramount importance to reduce the impact of Zn 
deficiency on crop yield and nutritional quality. Zn deficiency affects approximately 30% 
of the agricultural soils worldwide (Marschner, 1995). Zinc is usually an insoluble nutrient 
in soils, mainly because of its adsorption onto clays, CaCO
3
 and organic matter in alkaline 
soils with high pH (Marschner, 1995). Thus, Zn deficient soils cause a widespread problem 
around the world, leading to both substantial agronomic losses and human malnutrition 
due to the low Zn content of staple foods, such as rice and wheat (Cakmak, 2007).
In this study we focused on the effect of Zn deficiency on root system architecture traits and 
changes in the root ionome (elemental composition of the root) using twenty diverse A. 
thaliana accessions. We describe the changes in root system architecture and root element 
concentrations of plants grown either hydroponically or on agar plates, under Zn sufficient 
and deficient conditions. Large natural variation was observed for all root traits analysed 
and A. thaliana accessions with contrasting tolerance to Zn deficiency at the root level were 
identified. Furthermore we demonstrate that differences in root morphology, Zn uptake 
capacity and minimum Zn concentration required for growth determine Zn deficiency tolerance.
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2. Material and methods
2.1. Plant material and hydroponic growth
A set of twenty Arabidopsis thaliana accessions (Table 1) was grown as described in 
Chapter 2. Images from the roots of plants grown under severe Zn deficiency and 
sufficiency conditions were acquired with a scanner (Epson/Expression/STD 1600 
scanner). The resulting grey-scale images were analyzed with the WinRhizo software 
Arabidopsis 2009c for root total length (RTL), root surface area (RSA), and root average 
diameter (RAD). We also measured root dry weight (RDW). In order to evaluate 
the effect of the Zn deficiency treatment on the different A. thaliana accessions we 
calculated the relative change in the root traits according to the following formula:
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𝑅𝑅𝑅𝑅𝑅𝑅. 𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑅𝑅 𝑖𝑖𝑎𝑎 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑟𝑟𝑟𝑟𝑎𝑎𝑖𝑖𝑟𝑟 = (
root trait Zn deficiency − root trait Zn sufficiency
root trait Zn sufficiency
) ∗ 100 
 
Table 1: Detailed information of the twenty A. thaliana accessions used in this study. * 
Represents mis-identified accessions and their original location might not be correct, see 
reference (Anastasio et al., 2011). 
ABRC new 
Stock Number 
ABRC old 
Stock number 
Native 
Name Origin Latitude Longitude 
CS28343 CS6734 Hau-0 Denmark 55.67 12.56 
CS28457 CS6909 Li-5:2 Germany 50.38 8.06 
CS28490 CS1362 Mc-0 UK 54.61 -2.30 
CS28595 CS6826 Pa-2 Italy 38.07 13.22 
CS28780 CS6874 Tsu-0 Japan 34.43 136.31 
CS28808 CS22542 Wag-3 The Netherlands 51.96 5.61 
CS28848 CS22672 Ors-1 Romania 44.72 22.39 
CS76100 CS22591 Bor-4 Czech Republic 49.40 16.23 
CS76105 CS22656 Bur-0 Ireland 54.10 -6.20 
CS76106 CS22620 C24 Portugal 41.25 -8.42 
CS76109 N1065 Can-0 Spain 29.21 -13.48 
*CS76113 CS22625 Col-0 unknown - - 
CS76116 CS22614 Cvi-0 Cape Verde Islands 15.11 -23.61 
CS76135 N1187 Ge-0 Switzerland 46.50 6.08 
CS76150 CS6751 Kas-2 Kashmir 35.00 77.00 
*CS76164 CS22618 Ler-1 Poland 52.73 15.23 
CS76192 CS22642 Mt-0 Libya 32.34 22.46 
2.2. Agar plate growth
The same set of twenty A. thaliana accessions (Table 1) was also grown using agar plates. 
Seeds were surface-sterilized with chlorine vapor-phase seed sterilization and sown 
in square agar plates (120 x 120 x 17 mm) (Greiner Bio-One®) containing 40 mL of half 
strength MS medium including vitamins (Duchefa Biochemie®) supplem nted with 5 g.L-1 of 
sucrose, 8 g.L-1 of agar and 17 µM ZnSO
4
 (Zn sufficiency) and no Zn added (Zn deficiency) and 
adjusted to pH 5.8 using KOH. After sowing, seeds received a 4-day stratification treatment 
at 4 °C in the dark, to promote uniform germination. Plates were placed vertically in a 
climate-controlled chamber set at 50% relative humidity, with a 16 h day (120 µmol photons 
m-2.s-1), and a constant temperature of 24 °C for 16 days. Four treatments were used: 
plants were grown in medium with sufficient Zn for 1 week and subsequently transferred to 
medium with (1) sufficient Zn or (2) Zn deficiency; and plants were grown in medium with Zn 
deficiency and subsequently transferred to medium with (3) sufficient Zn or (4) Zn deficiency. 
Images from the roots were acquired with a scanner (Epson/Expression/STD 1600 scanner). 
The resulting grey-scale images were analyzed with the WinRhizo software Arabidopsis 
2009c for RTL, RSA, RAD, and number of lateral roots (NLR). In order to evaluate the effect 
of the Zn deficiency treatment on the different A. th liana accessions we calculated the 
relative change in the root traits measured. We also measured shoot dry weight (SDW).
2.3. Tissue elemental analysis
The root ionome profile was determined in plants grown hydroponically under 
severe and mild Zn deficiency and sufficiency conditions, as described in chapter 2.
2.4. Statistical analysis
For all root system architecture traits and Zn concentration we performed a two-way 
ANOVA analysis to test for significant differences between treatments, accessions and the 
interaction between treatments and accessions. To test for significant differences between 
accessions for change in RDW, Zn concentration, RTL, RSA and RAD we performed a one-way 
ANOVA test. We also performed a one-way ANOVA to test for significant differences between 
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ABRC new
Stock 
Number
ABRC old
Stock 
number
Native 
Name Origin Latitude Longitude
CS28343 CS6734 Hau-0 Denmark 55.67 12.56
CS28457 CS6909 Li-5:2 Germany 50.38 8.06
CS28490 CS1362 Mc-0 UK 54.61 -2.30
CS28595 CS6826 Pa-2 Italy 38.07 13.22
CS28780 CS6874 Tsu-0 Japan 34.43 136.31
CS28808 CS22542 Wag-3 The Netherlands 51.96 5.61
CS28848 CS22672 Ors-1 Romania 44.72 22.39
CS76100 CS22591 Bor-4 Czech Republic 49.40 16.23
CS76105 CS22656 Bur-0 Ireland 54.10 -6.20
CS76106 CS22620 C24 Portugal 41.25 -8.42
CS76109 N1065 Can-0 Spain 29.21 -13.48
*CS76113 CS22625 Col-0 unknown - -
CS76116 CS22614 Cvi-0 Cape Verde Islands 15.11 -23.61
CS76135 N1187 Ge-0 Switzerland 46.50 6.08
CS76150 CS6751 Kas-2 Kashmir 35.00 77.00
*CS76164 CS22618 Ler-1 Poland 52.73 15.23
CS76192 CS22642 Mt-0 Libya 32.34 22.46
CS76210 N1445 Per-1 Russia 58.00 56.31
CS76227 CS22652 Shah Tadjikistan 38.35 68.48
CS76298 CS22580 Var 2-1 Sweden 56.14 15.78
Table 1: Detailed information of the twenty A. thaliana accessions used in this study. * 
Represents mis-identified accessions and their original location might not be correct, see 
reference (Anastasio et al., 2011).
the four treatments applied in this study for each element concentration. For element 
concentrations, the values were log10 transformed and we performed a Benjamini-Hochberg 
multiple comparisons correction of the p-values. If significant differences were observed we 
performed a Tukey’s HSD post-hoc test with a cut-off level of significance lower than 0.05.
Pearson correlation coefficients were calculated for the root elements concentration 
and root system architecture traits based on line averages. The analysis was performed 
for the treatments used separately. A two-tailed test of significance was performed 
and a p-value of 0.05 was used as cut-off. We also calculated broad-sense heritability 
values for all traits studied as the ratio between estimated Genetic Variance and 
Total Phenotypic Variance (= Genetic Variance + Environmental Variance). Finally we 
did a principal component analysis (PCA) using root elements concentration of the 
twenty A. thaliana accessions grown hydroponically for each treatment separately.
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3. Results
3.1. Root system architecture traits change in hydroponically grown plants
Root dry weight (RDW), root total length (RTL) and surface area (RSA) were significantly 
reduced in response to the severe Zn deficiency treatment, while root average diameter 
(RAD) was slightly higher (Figure 1A), but not significantly different between the treatments 
(Table S1 and S2). Significant difference was observed between accessions for all the 
analyzed traits and the effect of the Zn deficiency treatment was accession dependent 
(Table S2 and S4). Zn deficiency tolerance was measured based on the relative change in 
root traits. Accessions showed large variation in the capacity of growing roots when facing 
Zn deficiency in comparison to Zn sufficient conditions (Figure 1, Table S3 and S4). The 
accessions Can-0, Cvi-0, Pa-2 and Var 2-1 had a decrease in root biomass close to zero. Pa-2 
also showed a decrease in RTL close to zero under severe Zn deficiency, while Can-0, Cvi-0 
and Var 2-1 had their RTL decreased by about 30%. This result may reflect the reduction 
in the number of lateral roots in the accessions Can-0, Cvi-0 and Var 2-1 when exposed 
to severe Zn deficiency. Furthermore, it indicates that Pa-2 may have a better ability to 
maintain the formation of lateral roots, shown by its very low decrease in RTL and increase 
in RSA in comparison to the other accessions under severe Zn deficiency conditions.
The accessions Ge-0, Ors-1, Per-1, Tsu-0 and Wag-3 were more sensitive to Zn deficiency at 
the root level and had a decrease in root biomass of above 40% in response to the severe 
Zn deficiency treatment (Figure 1). Tsu-0 and Ge-0 were among the accessions with highest 
root biomass production under Zn sufficiency conditions which contributed to the strong 
decrease in RDW observed for these accessions under Zn deficiency (Figure 1F). Ge-0 and 
Ors-1 were also among the accessions with a strong decrease in RTL. The traits RTL and RSA 
were highly correlated (Figure 3), indicating that accessions with longer roots also had a 
larger surface area. The variation observed between accessions for these traits may reflect 
their ability to grow lateral roots. Surprisingly, no accession showed natural variation for RAD 
when grown hydroponically under Zn deficiency or sufficiency conditions (Table S1 and S2).
3.2. Changes in root system architecture related traits in response to plants adaptation to 
Zn deficiency (agar plates)
Based on the previous results obtained from plants grown hydroponically we conducted 
a more detailed experiment using agar plates to examine the effect of Zn deficiency on 
root growth and morphology at different developmental stages of the plant. A significant 
treatment effect was observed for all the analyzed traits, and the response to the treatments 
applied was accession dependent (Table S6). In addition, accessions displayed large natural 
variation for the root traits measured under all treatments. In general, RTL, RSA and NLR 
were reduced in all treatments in which Zn deficiency was applied in comparison to the Zn 
sufficiency condition (Figure 2 A). On the other hand, not much difference was observed 
between the treatments for RAD (Figure 2 A). However, in contrast to our previous results, 
obtained from plants grown hydroponically (Table S1), accessions had larger variation for 
RAD when grown under both sufficient and deficient Zn conditions on agar plates (Table S5).
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Figure 1: Average values for root dry weight (RDW – mg*1000), root total length (RTL – 
cm), root average diameter (RAD – mm *1000), and root surface area (RSA – cm2) of the 
twenty A. thaliana accessions grown hydroponically under severe Zn deficiency and 
sufficiency conditions (A). Relative change in RDW (B), RTL (C), RSA (D) and, RAD (E) 
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Figure 1: Average values for root dry weight (RDW – mg*1000), root to al length (RTL 
– cm), root average diameter (RAD – mm *1000), and root surface area (RSA – cm2) 
of the twenty A. thaliana accessions grown hydroponically under severe Zn deficiency 
and sufficiency conditions (A). Relative change in RDW (B), RTL (C), RSA (D) and, RAD (E) 
represented in perce tage. Overview of th  biomass production and Zn conce tration in 
roots of the twenty A. thaliana accessions grown under severe Zn deficiency and sufficiency 
(control) conditions (F).
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Figure 2: (A) Average values for different root traits: root total length (RTL in cm), root 
surface area (RSA in cm2), root average diameter (RAD in mm *100) and number of lateral 
roots measured in the 20 A. thaliana accessions grown on vertical agar plates for 16 days 
under different Zn deficiency (-Zn → -Zn, -Zn → +Zn, +Zn → -Zn) and Zn sufficiency or 
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Figure 2: (A) Average values for different root traits: root total length (RTL in cm), root 
surface area (RSA in cm2), root average diameter (RAD in mm *100) and number of lateral 
roots measured in the twenty A. thaliana accessions grown on vertical agar plates for 16 
days under different Zn deficiency (-Zn → -Zn, -Zn → +Zn, +Zn → -Zn)  Zn sufficiency or 
control (+Zn → +Zn) treatments. The Zn deficiency (-Zn → -Zn) and sufficiency (+Zn → +Zn) 
treatments were used to calculated the relative change in RTL (B), RSA (C), RAD (D) and 
NLR (E) when comparing the Zn deficiency treatment to the Zn sufficiency treatment.
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Correlations between hydroponically and agar grown plants 
 
To compare the two plant cultivation methods, we performed a correlation analysis using the 
average values of the studied root traits. Under Zn deficiency no traits were significantly 
correlated between the hydroponics and agar plates experiments (Figure 3A, Table S9), 
suggesting that the results from these experiments cannot be very well compared. However, 
under Zn sufficiency conditions many root traits were significantly correlated between the 
cultivation methods (Figure 3B, Table S9), which means it is not the cultivation medium itself 
that caused the difference between Zn deficient hydroponics and agar, but the response to Zn 
deficiency. 
 
 
 
Zn deficiency 
 
Zn sufficiency 
 
 
Figure 3: Correlation wheels showing significant correlations between root traits (root total 
length – RTL; root surface area – RSA; root average diameter – RAD; root dry weight – 
RDW and number of lateral roots – NLR of plants grown hydroponically (hyd) and on 
vertical agar plates (ap). Correlations were calculated based on the trait averages of 20 A. 
thaliana accessions and are presented for the Zn deficiency (A) and sufficiency (B) treatments 
separately. Positive correlations are represented by solid lines; negative correlations are 
represented by dashed lines. Thick lines indicate P < 0.01, thin lines indicate P <0.05. 
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indicate P < 0.05.
71 
 
 
  
Figure 4: Relative change in roots Zn concentration of the twenty A. thaliana accessions 
grown hydroponically under severe (A) and mild Zn deficiency (B) in comparison to their 
respective Zn sufficiency treatments. 
 
By exposing plants to Zn deficiency we expected that the concentration of other elements 
would also be affected. Thus, in our next step we obtained a general view of the variation in 
the root concentration of the several elements measured across the treatments by pooling all 
accessions and calculating average values for each element and treatment separately. As 
expected, it revealed that plants general mineral homeostasis machinery responds differently 
when plants are exposed to two levels of Zn deficiency. The concentrations of B, Na, Cu, and 
Mo were significantly different between the Zn deficiency and sufficiency treatments in both 
severe and mild Zn deficiency experiments (Figure 5). Mg, P, S, K, and Mn were significantly 
different between the Zn deficiency and sufficiency treatments exclusively in the mild Zn 
deficiency experiment. Fe and Zn were significantly different between the Zn deficiency and 
sufficiency treatments exclusively in the severe Zn deficiency experiment (Figure 4). We 
observed a strong difference in the concentrations of P, K and S between the Zn sufficiency 
treatments of the severe and mild Zn deficiency experiments. This result may reflect the age 
difference between the plants in these two experiments.  
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Figure 4: Relative change in roots Zn concentration of the twenty A. thaliana accessions 
grown hydroponically under severe (A) and mild Zn deficiency (B) in comparison to their 
respective Zn sufficiency treatments.
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By comparing the treatments in which Zn deficiency was applied in early or later developmental 
stages, we observed that most accessions had their root growth more reduced when exposed 
to Zn deficiency in an early stage rather than in a later stage (Table S5). In addition, roots 
of seedlings exposed to Zn deficiency from germination and at early developmental stages 
showed lower values for RTL, RSA, and NLR when compared to plants exposed later to Zn 
deficiency. Furthermore, in most cases trait values were lower in the Zn deficiency than in 
the Zn sufficiency treatment (Table S5). These results indicate that Zn plays an important role 
in processes occurring during seedling establishment and in the formation of lateral roots.
The relative change in root trait values was calculated based on the results from the treatments 
in which Zn deficiency and Zn sufficiency were applied from germination onwards, named 
here as Zn deficiency and Zn sufficiency treatment, respectively (Figure 2). The percentage 
of change in root trait values in plants grown on agar plates were much higher than the 
relative changes observed for plants grown hydroponically. The accessions Ors-1 and Pa-2 
showed higher tolerance to Zn deficiency in comparison to the other accessions, reflected 
in their low decrease in RTL in response to the Zn deficiency treatment. On the other hand, 
the accessions C24, Kas-2, Hau-0, Mc-0, Per-1 and Shah were more sensitive and had their 
RTL decreased by approximately 90% under Zn deficiency in comparison to Zn sufficient 
conditions (Figure 2 B). Similarly to their growth on hydroponics Pa-2 and Per-1 were also 
among the accessions showing the lowest and highest values, respectively, for relative change 
in RTL and RSA (Figure 1 and 2). Interestingly, Per-1 also had the highest RTL when grown 
under Zn sufficiency conditions both on agar plates and in hydroponics (Table S1 and S5).
Most accessions had the RAD increased in response to the Zn deficiency treatment both 
in plants grown hydroponically and on agar plates (Figure 1 and 2). Relative change in 
the NLR also varied substantially among the accessions. Li-5:2 had the least percentage 
of decrease in the NLR, while Cvi-0, Hau-0, Mc-0 and Var 2-1 showed a strong decrease 
in the NLR under Zn deficiency in comparison to Zn sufficiency conditions (Figure 2). 
These results support our hypothesis that genotypes differ in the ability of maintaining 
the formation of lateral roots when facing Zn deficiency which may be useful for 
further studies investigating the effect of Zn nutrition in the formation of lateral roots.
3.3. Correlations between hydroponically and agar grown plants
To compare the two plant cultivation methods, we performed a correlation analysis using the 
average values of the studied root traits. Under Zn deficiency no traits were significantly correlated 
between the hydroponics and agar plates experiments (Figure 3A, Table S9), suggesting 
that the results from these experiments cannot be very well compared. However, under Zn 
sufficiency conditions many root traits were significantly correlated between the cultivation 
methods (Figure 3B, Table S9), which means it is not the cultivation medium itself that caused 
the difference between Zn deficient hydroponics and agar, but the response to Zn deficiency.
3.4. Root elements analysis
Knowing about the large natural variation for root growth and morphology traits we 
decided to investigate the variation in root Zn concentration in plants grown hydroponically 
under severe (no Zn added) and mild (0.05µM ZnSO
4
) Zn deficiency and their respective 
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Zn sufficiency (2µM ZnSO
4
) treatments. When exposed to severe Zn deficiency, accessions 
had a significant reduction in the root Zn concentration relative to the Zn sufficiency 
treatment (Figure 4, Table S10). The accessions Pa-2 and Cvi-0 had the lowest percentage 
of decrease in root Zn concentration under severe Zn deficiency. These accessions also 
had very low Zn concentrations in comparison to the other accessions under Zn sufficiency 
conditions, which may explain the lower decrease in root Zn concentration observed. 
The other accessions showed a strong reduction in root Zn concentration of around 90%.
When exposed to mild Zn deficiency most accessions did not show a strong reduction in 
root Zn concentration, although we observed a significant treatment effect for root Zn 
concentration (Figure 4B, Table S4). Interestingly, the accessions Hau-0, Mc-0 and Mt-0, 
among others, had increased root Zn concentrations under mild Zn deficiency relative to 
the Zn sufficiency treatment (Figure 4B). On the other hand, Col-0, Bur-0 and Var2-1 had 
the strongest decrease in root Zn concentration under mild Zn deficiency relative to the Zn 
sufficiency treatment in comparison to the other accessions. Var2-1 also showed the highest 
Zn concentration in roots under both Zn sufficiency treatments from the severe and mild Zn 
deficiency experiments (Table S10). The accessions Mt-0 and Mc-0 had high to very high root 
Zn concentrations in the different treatments used in this study. These results indicate that 
the mild Zn deficiency treatment did not have a strong effect on the root Zn concentration 
of the plants grown hydroponically. Moreover, it suggests that accessions may differ for 
the optimal Zn concentration needed to maintain growth and in their Zn uptake capacity.
By exposing plants to Zn deficiency we expected that the concentration of other elements 
would also be affected. Thus, in our next step we obtained a general view of the variation in 
the root concentration of the several elements measured across the treatments by pooling 
all accessions and calculating average values for each element and treatment separately. 
As expected, it revealed that plants general mineral homeostasis machinery responds 
differently when plants are exposed to two levels of Zn deficiency. The concentrations of 
B, Na, Cu, and Mo were significantly different between the Zn deficiency and sufficiency 
treatments in both severe and mild Zn deficiency experiments (Figure 5). Mg, P, S, K, and 
Mn were significantly different between the Zn deficiency and sufficiency treatments 
exclusively in the mild Zn deficiency experiment. Fe and Zn were significantly different 
between the Zn deficiency and sufficiency treatments exclusively in the severe Zn deficiency 
experiment (Figure 4). We observed a strong difference in the concentrations of P, K and S 
between the Zn sufficiency treatments of the severe and mild Zn deficiency experiments. 
This result may reflect the age difference between the plants in these two experiments.
3.5. Correlation between root elements and principal component analysis
We calculated Pearson correlation coefficients for all measured elements in order to 
identify groups of elements which had similar changes in their homeostasis in response 
to the Zn deficiency treatments (Figure 6, Table S12). In all treatments mainly positive 
significant correlations were observed. Correlations among elements in roots appear to 
be highly variable between treatments. In the Zn sufficiency treatment of both severe and 
mild Zn deficiency experiments, Zn was positively correlated with Na, Mg, P, S and Ca in 
root (Figure 6 B and D). In the severe Zn deficiency treatment Zn was positively correlated 
with Mo, Cd, Na, Mg, P, S, K, Ca, Mn and Cu (Figure 6 A), while in the mild Zn deficiency 
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Figure 5: Box-plots comparing element concentrations in roots of the twenty A. thaliana 
accessions grown hydroponically under severe and mild Zn deficiency (-Zn) and their 
respective Zn sufficiency (+Zn) treatments. For each concentration the box represents the 
interquartile range (IQR), the bisecting line represents the median, the whiskers represent 1.5 
times the IQR and the dots represent outliers points. Lower case letters denote statistically 
different groups when comparing the four treatments using a one-way ANOVA with groupings 
by Tukey’s honestly significant difference (HSD) test using a 95% confidence interval, p-
values are shown in Table S11. For every treatment we used 5 plants of each accession 
presenting a total of 100 samples. 
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Figure 5: Box-plots comparing element concentrations in roots of the twenty A. thaliana 
accessions grown hydroponically under severe and mild Zn deficiency (-Zn) and their 
respective Zn sufficiency (+Zn) treatments. For each con entration the box repres nts the 
interquartile range (IQR), the bisecting line represents the median, the whiskers represent 
1.5 times the IQR and the dots represent outliers points. Lower case letters denote 
statistically different groups when comparing the four treatments using a one-way ANOVA 
with groupings by Tukey’s honestly si nificant differ ce (HSD) test using a 95% confidence 
interval, p-values are shown in Table S11. For every treatment we used 5 plants of each 
accession.
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treatment Zn was positively correlated only with Mo, P and K (Figure 6 D). Previously we 
observed that Mo was among the elements which were significantly different between Zn 
deficiency and sufficiency conditions in both severe and mild Zn deficiency experiments 
(Figure 5). In the Zn sufficiency treatment of the severe Zn deficiency experiment 
Zn was positively correlated with Na, Mg, P and Ca, while in the control of the mild Zn 
deficiency experiment Zn was positively correlated with Mo, Na, Mg, P S, K, and Cu. 
Almost all these elements were also previously identified to have different concentrations 
when comparing the Zn sufficiency and deficiency treatments (Figure 5). Differences 
between the two Zn sufficiency treatments (for the severe and mild Zn deficiency 
experiments) may be due to the age difference between the plants in the two experiments.
Subsequently we determined correlations between the root ionome profiles and root 
growth and morphology traits measured in hydroponically-grown plants (Figure 7, Table 
S13). In general, only positive correlations were observed when considering the data 
from a single treatment. Under severe Zn deficiency we observed significant correlations 
between root growth and morphology traits and concentration of Na, Mg, P, S, K, Ca, Mn, 
Fe, Zn and Mo (Figure 7A), whereas under Zn sufficiency conditions, no correlations were 
found (Figure 7B). This suggests that the changes in root morphology are likely to be due 
to changes in the concentration of Zn and other elements. Under severe Zn deficiency 
most elements were significantly correlated with RTL and RSA; only Mo was positively 
correlated with RDW. Na, Fe, Zn and Mo were significantly correlated with RTL, RSA, and 
RDW and also showed significant differences in concentration between the Zn sufficiency 
and deficiency treatments (Figure 5). No significant correlation was observed between 
element concentrations and RAD in the severe Zn deficiency treatment (Figure 7A). 
A principal component analysis (PCA) was performed using all elements concentrations 
in each treatment separately, aiming to identify elements which could explain part of 
the natural variation observed among the 20 A. thaliana accessions for the root ionome. 
For most treatments the variation in element concentrations among the accessions 
was explained by three principal components (PCs) (Table S14). Unfortunately these 
results were not very instructive, as in all cases the first PC explained nearly all of 
the variation and was composed of almost all elements. Only in the Zn deficiency 
and control treatments of the mild Zn deficiency experiment, Zn was among the 
elements present in PC2, which explained part of the variation among accessions.
Broad sense heritability (H2) values were calculated for the measured traits, estimating the 
contribution of genetic factors to the observed variation in these traits between A. thaliana 
accessions. H2 values were higher for plants grown in the severe and mild Zn deficiency 
treatments than in Zn sufficiency treatments, for most of the analyzed traits (Table 
3). For RDW, RAD and Fe concentration low H2 values were found, meaning that only a 
limited part of the observed variation was due to genetic differences between accessions.
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Figure 6: Correlation wheels showing significant correlations between elements in roots of 
plants grown under the Zn deficient and sufficiency treatments of the mild and severe Zn 
deficiency experiments. Correlations were calculated based on all accession averages for 
each treatment separately. Positive correlations are represented by solid lines; negative 
correlations are represented by dashed lines. Thick lines indicated p value < 0.01, thin lines 
indicate p value < 0.05. Ions with a measurement value close to the limit of detection (blank 
value x10) are coloured in light grey. The following elements were not added to the nutrient 
solution: Cd, Sr, Li, Co, Ni, As, Se, and Rb and their correlations are not shown. 
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Figure 6: Correlation wheels showing significant correlations between elements in roots of 
plants grown under the Zn deficient and sufficiency treatments of the mild and severe Zn 
deficiency experiments. Correlations were calculated based on all accession averages for 
each treatment separately. Positive correlations are represented by solid lines; negative 
correlations are represented by dashed lines. Thick lines indicated p value < 0.01, thin 
lines indicate p value < 0.05. Ions with a measurement value close to the limit of detection 
(blank value x10) are coloured in light grey. The following elements were not added to the 
nutrient solution: Cd, Sr, Li, Co, Ni, As, Se, and Rb and their correlations are not show .
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4. Discussion
Large variation was observed between the studied A. thaliana accessions for root system 
architecture traits and Zn concentration. Accessions exposed to severe Zn deficiency had Zn 
concentrations varying between 25-70 ppm in roots, which is slightly higher than the minimum 
Zn concentration of 15-20 ppm suggested by Marschner (1995) as required for plants to grow. 
In addition, when compared to the Zn concentration in shoots of these twenty accessions Zn 
concentration in roots is still higher (Chapter 2). Similarly to our findings in shoot (Chapter 
2), accessions’ roots had a larger variation for biomass than Zn concentration. This indicates 
that variation in the minimum Zn concentration required for growth between accessions 
underlies differences in Zn deficiency tolerance at the root level. In addition to our findings 
several mechanisms at the root level have been previously demonstrated to be involved in 
tolerance of plants to Zn deficiency. For example: the ability of plants to modify root system 
architecture and scavenge for nutrients in a larger soil area, to solubilise the non-available 
Zn present in the soil, using and distributing Zn more efficiently within the plant and to 
resist the increased levels of reactive oxygen species (ROS) formed under stress conditions 
(Cakmak et al., 1996;Cakmak, 2000;Rengel, 2001;Gao et al., 2005;Genc et al., 2006;Hoffland 
et al., 2006;Wissuwa et al., 2006;Chen et al., 2009;Impa et al., 2013a;Impa et al., 2013b).
Our results also points out that variation in Zn uptake capacity and formation of lateral 
roots contribute to differences in Zn deficiency tolerance between A. thaliana accessions. 
Differences in RTL were found to be correlated to differences in Zn concentration under 
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Subsequently we determined correlations between the root ionome profiles and root growth 
and morphology traits measured in hydroponically-grown plants (Figure 7, Table S13). In 
general, only positive correlations were observed when considering the data from a single 
treatment. Under severe Zn deficiency we observed significant correlations between root 
growth and morphology traits and concentration of Na, Mg, P, S, K, Ca, Mn, Fe, Zn and Mo 
(Figure 7A), whereas under Zn sufficiency conditions, no correlations were found (Figure 
7B). This suggests that the changes in root morphology are likely to be due to changes in the 
concentration of Zn and other elements. Under severe Zn deficiency most elements were 
significantly correlated with RTL and RSA; only Mo was positively correlated with RDW. 
Na, Fe, Zn and Mo were significantly correlated with RTL, RSA, and RDW and also showed 
significant differences in concentration between the Zn sufficiency and deficiency treatments 
(Figure 5). No significant correlation was observed between element concentrations and RAD 
in the severe Zn deficiency treatment (Figure 7A). 
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Figure 7: Correlation wheels showing significant correlations between root element 
concentrations and root traits (RDW – Root Dry Weight, RTL – Root Total Length, RSA – 
Root Surface Area, and RAD – Root Average Diameter) measured in plants grown 
hydroponically under severe Zn deficiency (A) and Zn sufficiency (B) conditions. Correlations 
were calculated based on accession averages and only significant correlations are shown. 
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Figure 7: Correlation wheels showing significant correlations between root element 
concentrations and root traits (RDW – Root Dry Weight, RTL – Root Total Length, RSA 
– Root Surface Area, and RAD – Root Average Diameter) measured in plants grown 
hydroponically under severe Zn deficiency (A) and Zn sufficiency (B) conditions. Correlations 
were calculated based on accession averages and only significant correlations are shown. 
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lines indicate p value < 0.05.
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Traits Mild
Zn sufficiency
Mild
Zn deficiency
Severe
Zn sufficiency
Severe
Zn deficiency
RDW - - 0.28 0.32
RTL - - 0.68 0.70
RSA - - 0.59 0.61
RAD - - 0.26 0.30
Zn 0.61 0.74 0.49 0.51
Mn 0.56 0.76 0.36 0.79
Fe 0.46 0.40 0.46 0.59
Cu 0.66 0.71 0.60 0.69
Mo 0.59 0.75 0.58 0.65
Cd 0.63 0.53 0.67 0.73
B 0.40 0.46 0.67 0.83
Na 0.52 0.54 0.64 0.57
Mg 0.82 0.74 0.52 0.70
P 0.62 0.71 0.46 0.70
S 0.62 0.61 0.53 0.69
K 0.75 0.66 0.44 0.49
Ca 0.44 0.62 0.55 0.73
Table 3: Broad sense heritability values for root dry weight - RDW (mg); root total length 
– RTL (cm); root surface area - RSA (cm2); root average diameter - RAD (mm) and root 
elements concentration (ppm - µg/g dry weight) of the twenty A. thaliana accessions 
grown hydroponically under Zn deficiency and sufficiency conditions of the severe (31 days 
of growth) and mild Zn deficiency (41 days of growth) experiments.
Zn deficiency, which could indicate a causal relation. Accessions with a lower Zn uptake 
capacity per se, would be expected to have more problems to grow sufficient roots to 
acquire more Zn and support growth, and thus would not be expected to grow much less 
under Zn-limiting conditions. However, this seems to be the case for the accession Pa-2 
which had a small decrease in RTL and Zn concentration under Zn deficiency resulting 
from its low Zn concentration and RTL under Zn sufficiency, instead of a higher ability of 
tolerating low levels of Zn. In addition, our findings indicate that A. thaliana accessions 
differ in the ability to produce lateral roots when exposed to Zn deficiency based on the 
large variation observed for relative change in NLR of plants grown under Zn deficiency 
relative to Zn sufficiency. An effect of Zn deficiency on the formation of lateral roots was 
also shown by Richard et al. (2011). Differences in the NLR and other root architecture 
traits, the localization of Zn uptake proteins in the root, genes proteins levels and 
protein turnover are also among the factors which may cause differences in the Zn 
uptake capacity between plants (Rengel, 2001;Sinclair and Kramer, 2012;Wolf, 2013).
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A. thaliana accessions differed for the effect of Zn deficiency on the growth of roots and 
shoots and their Zn concentrations. Among the accessions considered tolerant to Zn 
deficiency based on the relative change in root biomass and Zn concentration under Zn 
deficiency in comparison to Zn sufficiency were the accessions Cvi-0, Var 2-1 and Pa-2. 
However, as we mentioned before Pa-2’s high tolerance to Zn deficiency seems to be a result 
of its reduced ability of Zn up-take and investment on growth under Zn sufficient conditions 
which results in small reduction in these traits under Zn deficiency. In shoots Pa-2 and C24 
were considered sensitive to Zn deficiency (Chapter 2). Based on the relative decrease in root 
growth and Zn concentration under Zn deficiency Tsu-0, Wag-3 and Per-1 were considered 
more sensitive to Zn deficiency in comparison to the other accessions. These accessions had 
a strong decrease in both root biomass and Zn concentration in response to the Zn deficiency 
treatment. In contrary to our findings in roots, Tsu-0 was among the accessions with a high 
tolerance to Zn deficiency in shoots (Chapter 2). These findings indicate that accessions 
differ for the biomass allocation in roots and shoots in response to the Zn deficiency stress. 
Hermans et al.(2006) described that in plants exposed to P and N deficiency biomass was 
not always allocated to the roots as would be expected under nutrient deficiency conditions.
The exposure of plants to low Zn followed by a re-supply with sufficient Zn, as we did in 
the agar plate experiments, may have  induced a phenomenon previously described as ‘Zn 
shock’ in yeast (MacDiarmid et al., 2003). In our agar plates experiment plants grown under 
Zn deficiency and subsequently transferred to Zn sufficiency had a stronger reduction in 
all root traits in comparison to plants grown first under sufficient Zn and transferred to 
Zn deficiency. The ‘Zn shock’ occurs when Zn limited yeast cells are re-supplied with 
Zn. This results in the rapid accumulation of large quantities of free Zn in the cytoplasm 
due to the high expression of Zn uptake transporters under Zn deficiency. Excess Zn will 
be rapidly transported into the vacuoles by the ZRC1 and COT1 transporters in order to 
avoid accumulation of Zn to toxic concentrations in the cytoplasm. However, if such is 
not successful though, Zn toxicity will occur, leading to the ‘Zn shock’. Evidence of such 
mechanism in plants was first shown by Kawachi et al. (2009) in A. thaliana mutants lacking 
the vacuolar membrane Zn transporter MTP1, the homologue of the yeast ZRC1 and 
COT1 proteins (Dräger et al., 2004;Kim et al., 2004). In our study, seedlings exposed to Zn 
deficiency before transfer to Zn sufficiency conditions may have experienced a Zn shock. 
As a result, these seedlings would be affected by the toxic levels of Zn leading to a stronger 
decrease in root growth. An alternative explanation is that the exposure of seedlings to Zn 
deficiency at early development stages resulted in irreversible damage of the root meristem 
cells, which was not easily overcome upon sufficient Zn supply. Other studies have shown 
that meristem cells need a relatively high Zn supply, illustrating the crucial role of Zn in highly 
metabolic and differentiating cells (Cakmak, 2000), probably to avoid the production of ROS, 
as found to occur under Zn deficiency conditions (Reichheld et al., 1999;Cakmak, 2000). 
Plants grown under Zn sufficiency may be able to store Zn in the vacuoles and complexed 
with molecules while growing under Zn sufficient conditions and remobilize these 
reserves when transferred to Zn deficiency conditions. In support to this hypothesis 
in the agar plates experiment we did not observe large differences in root growth 
and morphology traits between plants exposed to Zn sufficiency since germination 
and plants grown under Zn sufficiency and transferred to Zn deficiency. Other studies 
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have shown that under Zn sufficiency conditions most part of the cytosolic free Zn2+ 
is compartmentalized into cytoplasmic organelles (Broadley et al., 2007) or bind to low-
molecular-weight chelators (histidine, nicotianamine, glutathione and phytochelatins), 
organic acids (malate, citrate and oxalate), phosphate, phytate and pectates (Sinclair 
and Krämer, 2012). In addition, the vacuole is known as the main site for Zn storage and 
detoxification when plants are exposed to toxic Zn levels and remobilization when plants 
are exposed to Zn deficiency conditions (Broadley et al., 2007;Sinclair and Krämer, 2012).
In our study we also show that changes in the root system architecture in response to 
Zn deficiency are reflected in the root ionome. Forde and Lorenzo (2001) described 
how the nutrient supply can affect the root architecture directly, through changes in 
elemental concentrations in the substrate, or indirectly, through changes in the plants 
internal elemental concentrations. Furthermore, Gruber et al. (2013) and Jain et al. (2013) 
demonstrated that plant roots display a large variation in their architecture and in the 
concentration of elements they accumulate, in response to different nutrient deficiencies. 
In our study plants grown hydroponically under severe Zn deficiency have shown a positive 
correlation between roots system architecture traits and the concentrations of Zn and 
other elements. This indicates that changes in the concentration of other elements than 
Zn may have contributed to the observed differences in root growth and morphology 
observed between the Zn deficiency and sufficiency treatments. However, we found that 
the decreased concentrations of Fe, P and S and the increased Na concentration observed 
were not high or low enough to cause deficiency or toxicity based on a comparison with 
other studies using A. thaliana plants grown under low or high concentrations of these 
elements (Jha et al., 2010;Gruber et al., 2013). These findings indicate that changes in 
root morphology we observed were indeed caused by the low Zn supply to the plants.
In addition, we found that the Zn concentration was correlated with other element 
concentrations under different levels of Zn nutrition which reflects the cross-talk between 
the homeostasis of Zn and other elements in A. thaliana. Jain et al. (2013) also showed that 
there is a cross-talk between the homeostasis signaling pathway of Zn and other micro- 
and macro-elements based on the differential expression of a subset of genes involved in 
the homeostasis of Fe and phosphate (Pi) in the A. thaliana accession Col-0. Contrary to 
other studies we observed a reduced concentration of Fe in roots of plants grown under 
severe Zn deficiency compared to Zn sufficiency. Other studies reported an increase 
(Gruber et al., 2013) or no change in Fe concentration (Ghandilyan et al., 2012;Jain et al., 
2013) under low Zn conditions in A. thaliana roots and shoots. In accordance with these 
studies shoots of plants grown under severe Zn deficiency had high Fe concentrations in 
comparison to plants grown under Zn sufficiency (Chapter 2). The increased concentration 
of Fe in plants exposed to Zn deficiency results from the enhanced expression of Zn 
transmembrane transporters under Zn deficiency which can also transport other elements 
besides Zn (Eide et al., 1996;Grotz et al., 1998;Connolly, 2002;Wintz et al., 2003;Lin et al., 
2009;Milner et al., 2013;Shanmugam et al., 2013). Based on this information one possible 
explanation for the reduced Fe concentration in roots of plants exposed to Zn deficiency 
is the strong down-regulation of Fe uptake genes and up-regulation of genes involved in 
the root-to-shoot Fe transport in Zn deficient plants. This mechanism could result in what 
we observed in this study; low Fe concentrations in roots while shoots have higher Fe 
concentrations in plants grown under severe Zn deficiency in comparison to Zn sufficiency.
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Finally, by analyzing the correlations between the root traits studied in plants grown 
hydroponically and on agar plates we found that upon sufficient Zn supply most of the root 
traits were correlated when comparing both growth systems. This suggests that basically 
both systems are comparable with respect to root system architecture traits. However, the 
correlations were lost when comparing the Zn deficiency treatments. Such could reflect 
differences in Zn (bio) – availability, between the two growth systems, perhaps due to 
differences in buffering the ions availability and ion-exchange capacities, which was found 
before to affect root phenotypes (Tennstedt et al., 2009). In agar culture the ions diffusion 
rate can decrease by about 30% due to the immobilization of salts in the gel (Scholten and 
Pierik, 1998;Jain et al., 2009). In this respect it is also important to note that for Cu, Lequeux 
et al. (2010) observed that in hydroponic medium, plants displayed Cu toxicity symptoms 
at a Cu2+ concentration that was10 times lower than the concentration which provoked 
similar symptoms in agar plates. This was mainly attributed to differences in the cation 
exchange capacity between the two growth systems which will have a similar effect on Zn 
availability. In line with this, we observed that all root traits were much more affected when 
accessions were grown on agar plates when compared to hydroponics. In addition, the 
Zn deficiency symptoms were already evident in plants grown for 2 weeks on agar plates, 
while plants grown in the hydroponics system first showed symptoms after 4 to 5 weeks.
5. Conclusion
Substantial natural variation was observed for root growth and morphology traits as well 
as for the root ionome. As expected Zn deficiency caused a reduction in root growth 
mainly reflected in the traits RTL, RSA, NLR, and root Zn concentration. Zn deficiency 
tolerance seems to be related to differences between the accessions minimum Zn 
concentration required for growth, Zn uptake capacity and ability to maintain root growth 
and formation of lateral roots under Zn deficiency. The strong reduction in growth of A. 
thaliana plants exposed to Zn deficiency in early developmental stages followed by 
transference to Zn sufficiency seems to be caused by the induction of Zn toxicity state 
know as Zn shock. The homeostasis of different elements in roots is affected according to 
the strength of the Zn deficiency treatment. Cultivation systems were comparable under 
Zn sufficiency conditions while under Zn deficiency differences in ion exchange capacity 
and buffering results in different Zn deficiency related phenotypes in roots. Finally, this 
study provides interesting starting material for future genetic studies using contrasting 
A. thaliana accessions for Zn deficiency tolerance. Among the A. thaliana accessions 
considered tolerant to Zn deficiency at the root level are Pa-2, Cvi-0 and Var 2-1, whereas 
among the ones considered sensitive to Zn deficiency are Wag-3, Tsu-0 and Per-1.
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Trait Treatment Accession Treatment * Accession
RDW (mg) F
1,1
 = 64.416, P = 0.000 F
1,19
 = 4.491, P = 0.000 F
1,19
 = 2.038, P = 0.007
Root [Zn] F
1,1
 = 946.526, P = 0.000 F
1,19
 = 3.963, P = 0.000 F
1,19
 = 3.483, P = 0.000
RTL F
1,1
 = 102.059, P = 0.000 F
1,19
 = 14.029, P = 0.000 F
1,19
 = 2.442, P = 0.001
RSA F
1,1
 = 45.139, P = 0.000 F
1,19
 = 8.297, P = 0.000 F
1,19
 = 2.821, P = 0.000
RAD F
1,1
 = 7.164, P = 0.008 F
1,19
 = 1.739, P = 0.035 F
1,19
 = 1.466, P = 0.104
Root [Zn] Severe F
1,1
 = 946.526, P = 0.000 F
1,19
 = 3.963, P = 0.000 F
1,19
 = 3.483, P = 0.000
Root [Zn] Mild F
1,1
 = 16.731, P = 0.000 F
1,19
 = 6.026, P = 0.000 F
1,19
 = 10.198, P = 0.000
Table S2: Results of the two-way ANOVA analysis performed for root dry weight (RDW), 
root Zn concentration (root [Zn]), root total length (RTL), root surface area (RSA) and root 
average diameter (RAD) to test for significant differences between treatments, accessions 
and the interaction between treatments and accessions, with a cut-off for significance of P 
< 0.05.
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Trait Accession
Change in RDW F
1,19
 = 5.396, P = 0.000
Change in RTL F
1,19
 = 5.410, P = 0.000
Change in RSA F
1,19
 = 6.995, P = 0.000
Change in RAD F
1,19
 = 1.891, P = 0.026
Change in root [Zn] Severe F
1,19
 = 7.371, P = 0.000
Change in root [Zn] Mild F
1,19
 = 13.197, P = 0.000
Table S4: Results of the one-way ANOVA analysis performed for relative change in root 
dry weight (RDW), root Zn concentration (root [Zn]), root total length (RTL), root surface 
area (RSA) and root average diameter (RAD) to test for significant differences between 
accessions, with a cut-off for significance of p < 0.05.
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Trait Treatment Accession Treatment * Accession
RTL F
1,3
 = 453.265, P = 0.000 F
1,19
 = 73.842, P = 0.000 F
1,57
 = 13.781, P = 0.000
RSA F
1,3
 = 441.464, P = 0.000 F
1,19
 = 69.354, P = 0.000 F
1,57
 = 12.303, P = 0.000
RAD F
1,3
 = 6.007, P = 0.001 F
1,19
 = 33.456, P = 0.000 F
1,57
 = 2.913, P = 0.000
NLR F
1,3
 = 654.822, P = 0.000 F
1,19
 = 60.150, P = 0.000 F
1,57
 = 10.594, P = 0.000
Table S6: Results of the two-way ANOVA analysis performed for root total length (RTL), 
root surface area (RSA), root average diameter and number of lateral roots (NLR) of the 
twenty A. thaliana accessions grown on vertical agar plates under Zn sufficiency and Zn 
deficiency conditions to test for significant differences between treatments, accessions and 
the interaction between treatments and accessions, with a cut-off for significance of 
P < 0.05.
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Trait Accession
Rel. change RTL F
1,19
 = 13.068, P = 0.000
Rel. change RSA F
1,19
 = 11.324, P = 0.000
Rel. change RAD F
1,19
 = 2.986, P = 0.002
Rel. change NLR F
1,19
 = 10.613, P = 0.000
Table S8: Results of the one-way ANOVA analysis performed for relative change in root 
total length (RTL), root surface area (RSA), root average diameter (RAD) and number of 
lateral roots (NLR) of the twenty A. thaliana accessions grown on vertical agar plates 
under Zn sufficiency and deficiency conditions to test for significant differences between 
accessions, with a cut-off for significance of P < 0.05.
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Accession Experiment Treat Zn SE Sign.class Treat Zn SE Sign. class
Col-0 Severe Control 384.1 21.1 a,b,c Zn Def. 44.7 3.0 a,b,c,d
Bur-0 Severe Control 451.9 40.6 b,c Zn Def. 51.8 3.2 b,c,d
Cvi-0 Severe Control 262.6 45.2 a,b Zn Def. 56.7 8.6 b,c,d
Ler-1 Severe Control 411.6 42.3 b,c Zn Def. 63.7 6.0 c,d
Var 2-1 Severe Control 609.3 82.8 c Zn Def. 61.6 9.8 b,c,d
Can-0 Severe Control 339.7 34.0 a,b,c Zn Def. 53.0 7.3 b,c,d
Ge-0 Severe Control 334.2 29.5 a,b,c Zn Def. 46.1 4.6 a,b,c,d
Li-5:2 Severe Control 338.1 35.1 a,b,c Zn Def. 54.6 5.4 b,c,d
Pa-2 Severe Control 252.4 37.1 a,b Zn Def. 59.1 4.9 b,c,d
Ors-1 Severe Control 351.4 23.9 a,b,c Zn Def. 37.0 3.5 a,b,c
Wag-3 Severe Control 326.0 48.4 a,b,c Zn Def. 40.0 2.5 a,b,c,d
Bor-4 Severe Control 211.5 30.4 a Zn Def. 33.5 3.2 a,b
Kas-2 Severe Control 446.5 71.2 b,c Zn Def. 39.2 4.3 a,b,c,d
Shah Severe Control 442.5 29.7 b,c Zn Def. 37.8 10.0 a,b,c
Mt-0 Severe Control 527.8 111.0 c Zn Def. 45.3 6.5 a,b,c,d
Hau-0 Severe Control 366.3 40.7 a,b,c Zn Def. 41.6 5.3 a,b,c,d
Mc-0 Severe Control 470.7 65.3 b,c Zn Def. 70.8 3.6 d
Tsu-0 Severe Control 426.7 32.0 b,c Zn Def. 56.3 8.2 b,c,d
Per-1 Severe Control 374.1 26.8 a,b,c Zn Def. 25.4 1.7 a
C24 Severe Control 367.4 4.4 a,b,c Zn Def. 38.1 12.3 a,b,c
Col-0 Mild Control 350.7 91.0 a,b,c,d Zn Def. 114.8 18.7 a
Bur-0 Mild Control 586.3 32.2 d Zn Def. 182.7 36.3 a,b
Cvi-0 Mild Control 417.4 102.9 a,b,c,d Zn Def. 355.7 120.2 b,c
Ler-1 Mild Control 320.0 50.6 a,b,c,d Zn Def. 379.0 61.0 b,c,d
Var 2-1 Mild Control 675.6 106.8 d Zn Def. 318.1 18.4 b,c
Can-0 Mild Control 417.5 40.2 b,c,d Zn Def. 363.0 48.3 b,c,d
Ge-0 Mild Control 419.9 41.4 b,c,d Zn Def. 396.4 41.5 b,c,d
Table S10: Root Zn concentration (in µg/g of dry weight) of the twenty A. thaliana 
accessions grown hydroponically under severe and mild Zn deficiency and their respective 
Zn sufficiency or control treatments. SE represents the standard error for each average 
value. Lower case letters denote statistical difference between accessions. Analyses were 
made using a two-way ANOVA test with groupings by Tukey HSD with a 95% confidence 
interval. n= 5 independent plants per genotype.
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Li-5:2 Mild Control 398.2 43.8 b,c,d Zn Def. 462.0 54.5 c,d
Pa-2 Mild Control 340.7 28.4 a,b,c,d Zn Def. 624.0 87.2 c,d,e
Ors-1 Mild Control 484.3 23.9 c,d Zn Def. 406.1 73.9 b,c,d
Wag-3 Mild Control 461.7 53.9 b,c,d Zn Def. 593.0 54.7 c,d,e
Bor-4 Mild Control 323.8 39.0 a,b,c,d Zn Def. 442.0 70.4 b,c,d
Kas-2 Mild Control 227.5 37.1 a,b,c Zn Def. 313.7 28.9 b,c
Shah Mild Control 156.1 17.5 a Zn Def. 397.0 20.8 b,c,d
Mt-0 Mild Control 293.8 27.7 a,b,c,d Zn Def. 1273.2 278.9 e
Hau-0 Mild Control 203.0 12.3 a,b Zn Def. 565.8 105.3 c,d,e
Mc-0 Mild Control 246.7 23.6 a,b,c Zn Def. 879.2 49.7 d,e
Tsu-0 Mild Control 387.1 31.5 b,c,d Zn Def. 509.9 80.5 c,d,e
Per-1 Mild Control 346.8 51.7 a,b,c,d Zn Def. 318.9 82.6 a,b,c
C24 Mild Control 316.3 29.2 a,b,c,d Zn Def. 293.9 38.6 a,b,c
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Trait Treatment Corrected p value
[B] F
1,3
 = 45.618, P = 0.000 P = 0.000
[Na] F
1,3
 = 47.389, P = 0.000 P = 0.000
[Mg] F
1,3
 = 105.436, P = 0.000 P = 0.000
[P] F
1,3
 = 772.708, P = 0.000 P = 0.000
[S] F
1,3
 = 222.191, P = 0.000 P = 0.000
[K] F
1,3
 = 1031.243, P = 0.000 P = 0.000
[Ca] F
1,3
 = 81.428, P = 0.000 P = 0.000
[Mn] F
1,3
 = 15.976, P = 0.000 P = 0.000
[Fe] F
1,3
 = 404.006, P = 0.000 P = 0.000
[Cu] F
1,3
 = 81.679, P = 0.000 P = 0.000
[Zn] F
1,3
 = 531.836, P = 0.000 P = 0.000
[Mo] F
1,3
 = 32.208, P = 0.000 P = 0.000
[Cd] F
1,3
 = 116.860, P = 0.000 P = 0.000
Table S11: Results of the one-way ANOVA analysis performed for root elements 
concentration log10 transformed values to test for significant differences between 
treatments (Severe Control, Severe Zn deficiency, Mild Control and Mild Zn Deficiency). A 
Benjamini-Hochberg multiple comparisons correction was performed and the corrected P 
values are shown. A cut-off for significance of P < 0.05 was used.
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4. Similar responses at the transcriptional level of three Arabidopsis 
thaliana accessions reveal new processes involved in the early and late 
general response to Zn deficiency
Ana Carolina A. L. Campos; Edouard Severing; Ross Alexander; Mark G. M. Aarts
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Abstract
Zn is an essential micronutrient for plants which acts as a structural component and co-
factor for many proteins. In the wild, plants show natural variation for Zn deficiency 
tolerance due to differences in Zn homeostasis mechanisms. However this resource has 
been little explored so far. For example, the processes involved in the general response to Zn 
deficiency at the transcriptional level have been researched only in the accession Col-0 at a 
single time point. In this study we aimed to identify new genes and processes involved in the 
early and late general response to Zn deficiency in A. thaliana roots and shoots. For this we 
used three A. thaliana accessions with contrasting tolerance to Zn deficiency to investigate 
the changes at the whole genome transcriptional level in root and shoot measured at two 
time-points after exposure to Zn deficiency. Although the three accessions had different 
levels of tolerance to Zn deficiency they showed common responses at the transcriptional 
level, which was our focus in this study. We found that the general biological processes 
altered by Zn deficiency were: carbohydrate metabolism, glucosinolate biosynthesis and 
circadian clock regulation. Accessions early general response to Zn deficiency was stronger 
in roots than in shoots, demonstrated by the up-regulation of Zn deficiency responsive 
genes in roots but not shoots after 4 days exposure to Zn deficiency. In shoots after 12 
days under low Zn the Zn deficiency homeostasis genes NAS2, 3 and 4, YSL3 and HMA2 
were up-regulated. This indicates their role in the accessions general late response to 
Zn deficiency in shoots. In addition, we found three defensin-like genes strongly up-
regulated in roots at both time points studied. This reinforces the involvement of defensin-
like genes in the response to different levels of Zn nutrition shown in previous studies. 
Finally, we identified new candidate genes among the accessions general Zn deficiency 
responsive genes which provide a valuable material for further research in this field.
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1. Introduction
In the genetic model system Arabidopsis thaliana between 1.800 and 2.400 proteins are 
predicted to contain, bind or transport Zn (Broadley et al., 2007;Clemens, 2010). This 
demonstrates the essential role Zn plays in many biological and molecular processes, 
being present in or binding transcription factors and enzymes (Grotz et al., 1998;Krämer 
and Clemens, 2005). Plants exposed to Zn deficiency display a strong inhibition of 
protein synthesis and increased production of reactive oxygen species causing damage 
to membranes, chlorophyll, and enzymes (Sinclair and Kramer, 2012). This results in a 
strong reduction of growth, leaf chlorosis, early senescence and, under severe stress, 
formation of necrotic spots (Marschner, 1995). However, certain plant genotypes 
display a higher tolerance to Zn deficiency and are able to maintain growth under low 
Zn concentrations (Hacisalihoglu and Kochian, 2003). In chapters 2 and 3 we were able 
to identify A. thaliana accessions with contrasting levels of tolerance to Zn deficiency 
in shoots and roots and some of the mechanisms involved in this process. Mechanisms 
underlying Zn deficiency tolerance have also been described by Rengel (2001).
At the molecular level the response to Zn deficiency is hypothesized to start with the 
activation of the transcription factors bZIP19 and 23, which regulate the expression 
of some of the transcripts involved in the first steps of Zn uptake, xylem loading and 
transport; mainly ZIP Zn transporter genes and NICOTIANAMINE SYNTHASE genes 
(Suzuki et al., 1999;Assunção et al., 2010;Assunção et al., 2013). The decreased Zn levels 
will subsequently also induce the up-regulation of other genes such as HMA2, involved 
in Zn xylem loading (Eren and Arguello, 2004;Hussain et al., 2004;Mills et al., 2005) and 
FRD3, involved in root to shoot Zn translocation (Rogers and Guerinot, 2002;Durrett et 
al., 2007;Pineau et al., 2012). In addition, plants induce a Zn economy response by up-
regulating transcripts involved in remobilization of Zn from senescing leaves to the phloem, 
such as YSL3 (Waters et al., 2006;Waters and Grusak, 2008) and the NAS genes, and from 
the vacuoles into the cytoplasm, such as NRAMP4 (Lanquar et al., 2004;Oomen et al., 2009).
Most of the studies describing the changes induced by Zn deficiency at the whole genome 
transcriptional level were limited to only one A. thaliana accession (Col-0) and a single time 
point (Wintz et al., 2003;Talke et al., 2006;van de Mortel et al., 2006;van de Mortel et al., 
2008;Assunção et al., 2010). The general response to Zn deficiency based on more than 
one accession or at different time points after exposure to the stress, at the whole genome 
transcriptional level has not yet been investigated. Several gene expression studies have 
shown that sometimes large differences are found in the response of different accessions to 
stress or other treatments (Delker et al., 2010;Des Marais et al., 2012;Wang et al., 2013c). 
Earlier studies used microarray to investigate the response of the A. thaliana accession Col-
0 to Zn deficiency either after five (Wintz et al., 2003) or seven days after exposure to Zn 
deficiency (van de Mortel et al., 2006;van de Mortel et al., 2008;Assunção et al., 2010).
In this study we used natural variation in Zn deficiency tolerance to identify transcripts which 
are involved in the general response to Zn deficiency using three A. thaliana accessions (Tsu-
0, Pa-2 and Col-0). These accessions were selected as they previously showed differences 
in their tolerance to Zn deficiency (chapter 2). At the shoot level Tsu-0 has a high tolerance 
to Zn deficiency, while Pa-2 is more sensitive (chapter 2). Col-0 was included in the analysis 
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for comparison purposes, as it has been used as the reference accession for many gene 
expression studies in A. thaliana (www.arabidopsis.org). We used RNA sequencing to 
measure the changes in gene expression in shoots and roots at two time points. With this 
we aimed to identify processes and genes which are involved in the general response to Zn 
deficiency in these accessions. In addition, we aimed to identify the general transcriptional 
changes induced after short and long term exposure to Zn deficiency in different tissues.
2. Material and Methods
2.1. Accessions and time point selection
Two A. thaliana accessions were selected based on differences in Zn deficiency tolerance 
at the shoot level (chapter 2). Accession Tsu-0 (CS28780) was considered tolerant to 
Zn deficiency due to its high shoot biomass both under Zn deficiency and sufficiency 
conditions. Accession Pa-2 (CS28595) had high shoot biomass under Zn sufficiency and 
low biomass under Zn deficiency conditions and was considered sensitive to Zn deficiency. 
Col-0 showed an intermediate tolerance to Zn deficiency. We used a transgenic Col-0 line 
stably transformed with a ZIP4promoter::GUS construct (obtained from Ana Assunção; 
unpublished information). This Col-0 line was used to enable monitoring expression of the 
Zn deficiency responsive gene ZIP4 in roots of these plants when exposed to Zn deficiency 
by performing a GUS staining assay using a small piece of root. Plant growth conditions 
were the same as described in chapter 2. The three A. thaliana accessions were grown 
hydroponically for 19 days with sufficient Zn supply (2µM ZnSO
4
). After this period, half of 
the plants were kept to grow under sufficient Zn (2µM ZnSO
4
) and the other half transferred 
to Zn deficiency (0.05µM ZnSO
4
). To obtain a detailed characterization of the accessions 
response to Zn deficiency over time we harvested shoots and roots after 0, 6 and 24 hours, 
4 and 6 days of exposure to Zn deficiency. Three biological replicates of every accession 
were sampled at each harvesting time point (roots and shoots separately) both for the Zn 
sufficiency and deficiency treatments. Each biological replicate consisted of three plants. 
For RNA extraction samples were grinded and stored at -80 oC. Total RNA was extracted 
using the RNeasy Plant Mini Kit (Qiagen®) following the manufacturer’s instructions. 
cDNA was synthesized from 1µg of total RNA using the iScript cDNA synthesis kit from 
BioRad® as per the manufacturer’s instructions. Following synthesis, cDNA was diluted 
to 1/10. Quantitative reverse transcriptase PCRs (qRT-PCRs) were performed in triplicate 
using the iQ SYBR green supermix (BioRad®) in an iQ Real Time PCR machine (BioRad®). 
The expression of the ZIP4 (AT1G10970) and FRD3 (AT3G08040) genes was determined. 
The oligonucleotides used for each gene are shown in table S1. Amplicon lengths 
were between 80 and 120 bp and all primers combinations had at least 95% efficiency. 
Reaction volumes were 10 µL (5 µL SYBR green qPCR mix 300 nm of each primer in 
1 µL and 4 µL of cDNA template). Cycling parameters were 4 minutes at 95 ˚C, then 40 
cycles of 15 seconds at 95 ˚C and 30 seconds at 55 ˚C. Gene expression values were 
normalized to the house-keeping gene Ef1-α (AT1G18070) and relative gene expression 
values comparing Zn deficiency relative to the Zn sufficiency treatment were calculated 
using the 2–ΔΔCT (Livak and Schmittgen, 2001). Based on the results from this experiment 
two harvesting time points were selected to be used in the RNA sequencing experiment.
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2.2. RNA sequencing
Plants were grown as described in Chapter 2. For the RNA sequencing experiment plants 
were initially grown hydroponically for 19 days at sufficient Zn supply (2 µM ZnSO
4
) before 
being transferred to Zn deficient medium (0.05 µM ZnSO
4
) or kept on medium with sufficient 
Zn (2 µM ZnSO
4
). Shoots and roots were harvested at 4 and 12 days after transference to 
the Zn deficiency and sufficiency treatments. At each time point three biological replicates 
of each accession were harvested. One biological replication consisted of three plants 
pooled (shoots and roots separate). Samples were immediately ground in liquid nitrogen 
and stored at -80 °C for RNA extraction. Total RNA was extracted using the RNeasy Plant 
Mini Kit (Qiagen®), following the manufacturer’s instructions. RNA concentration was 
measured with a Qubit and a total 3µg RNA was used for the next steps. The cDNA library 
was prepared according to the Illumina TrueSeq RNA using the cBot and Single Read 
Clustering chemistry V.3 of Illumina (www.illumina.com). Sequencing of 100 nucleotides 
reads plus 6 nucleotides index reads was done using Illumina HiSeq2000 flow-cells.
The Illumina reads of Col-0 and Pa-2 were mapped against the Col-0 genome version 
TAIR10 (www.arabidopsis.org) using TopHat 2 (Kim et al., 2013a) with the following set of 
parameters: minimum intron length 50; maximum intron length 11.000; maximum multi-
hits 1; maximum edit distance 5; maximum number of mismatches 5; pre-filter multi-hits. 
The Illumina reads of Tsu-0 were mapped against the reference genome of Tsu-0 (Gan et al., 
2011) also using TopHat 2 with the same parameters setting. Gene expressions levels (FPKM) 
were determined using Cufflinks 2 (Trapnell et al., 2010). Differential expression analyses 
were performed using the Cuffdif 2 program included in the Cufflinks 2 package. Significant 
difference in gene expression under Zn deficiency relative to the Zn sufficiency treatment 
was set to P-value cutoff level lower or equal to 0.05. Heatmaps were created using the 
heatmap.2 function of gplots package for R (http://www.r-project.org/). Rows in the 
heatmaps were clustered using a hierarchical clustering approach with Euclidian distances.
We used two methods to select sets of genes with a significant change in expression under 
Zn deficiency which reflected the common response to Zn deficiency between the three A. 
thaliana accessions used in this study. First we selected the ‘accessions general Zn deficiency 
responsive genes’ based on transcripts which had a significant fold change in expression 
(p value < 0.05) under Zn deficiency in all the three A. thaliana accessions studied (Col-
0, Tsu-0 and Pa-2). Transcripts up- and down-regulated were considered separated. In the 
second method we selected the ‘accessions core general Zn deficiency responsive genes’ 
correspondent to transcripts present in the ‘accessions general Zn deficiency responsive 
genes’ set with a significant change in expression in both time points studied (4 and 12 
days). For this second set of genes we considered transcripts up- and down-regulated 
together. In order to obtain more information on the biological processes in which the 
genes regulating the accessions common response to Zn deficiency may be involved we 
performed a gene ontology (GO) enrichment analysis for each gene set selected. The GO 
enrichment analysis was performed using the Biomaps software available from the Virtual 
Plant website (http://virtualplant.bio.nyu.edu/cgi-bin/vpweb/) (Katari et al., 2010), using 
the Fischer Exact Test with false discovery rate (FDR) correction and a P-value cutoff of 0.01.
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3. Results and Discussion
3.1. Time points selection
In order to determine which time points would best reflect the processes involved in early 
and late response to Zn deficiency we investigated the expression levels of the genes 
ZIP4 and FRD3 after plants were exposed to Zn deficiency at five different time points. 
The ZIP4 gene encodes a plasma membrane-localized Zn transporter (Grotz et al., 1998). 
ZIP4 expression is strongly up-regulated in both shoots and roots of Zn deficient plants 
early after exposure to Zn deficiency (Talukdar, 2007). FRD3 is also known to be strongly 
up-regulated in roots of Zn deficient A. thaliana plants but at a later stage after exposure 
to Zn deficiency (van de Mortel et al., 2006). The protein encoded by FRD3 mediates the 
efflux of citrate, an Fe and Zn chelator, into the root vasculature and is involved in root 
to shoot Zn translocation (Rogers and Guerinot, 2002;Durrett et al., 2007;Roschzttardtz 
et al., 2011;Pineau et al., 2012). The expression of ZIP4 is directly regulated by the 
transcription factors bZIP19 and bZIP23 through binding to ZDRE cis elements in the 
ZIP4 promoter (Assunção et al., 2010). Unlike ZIP4, FRD3 does not contain such ZDREs 
in its promoter and its transcription is not directly controlled by bZIP19 and bZIP23.
In the time point selection experiment, based on the qRT-PCR analysis we observed that 
ZIP4 expression increases already after 24 hours under Zn deficiency in shoots and roots 
of almost all three accessions (Figure 1A and B, Table S2). Plants kept under Zn sufficiency 
did not change ZIP4 expression (data not shown). In shoots Pa-2 reached the highest 
relative ZIP4 expression level after 6 days of exposure to Zn deficiency in comparison to 
the other accessions. However this result is based on only one replicate. Although, Tsu-0 
did not show a strong increase in ZIP4 expression in shoots at 6 days, it had a transient 
expression peak at 24h and 4 days. On the other hand, in roots at day 6 Tsu-0 showed the 
highest relative transcript level of ZIP4 in comparison to the other accessions (Figure 1 B).
Col-0 and Pa-2 had the highest FRD3 expression levels under Zn deficiency in shoots after 
6 days (Figure 1C and D). However, Tsu-0 showed only a transient increase in expression 
at 6 and 24 h in shoots, which was absent in the other two accessions. In the accessions 
Tsu-0 and Col-0 FRD3 expression level was increased 12-fold in roots after 6 days. Almost 
all accessions had a significant increase in the expression of ZIP4 and FRD3 after 24 hours 
of exposure to Zn deficiency in comparison to the Zn sufficiency treatment (Table S2). 
However, contrary to what we expected the expression levels of both ZIP4 and FRD3 had a 
strong induction in expression only after 4 days and 6 days respectively, with transient peaks 
around 6 and 24 hours. Also previous studies investigating the whole genome transcriptional 
changes induced by Zn deficiency in A. thaliana used plants exposed to low Zn for 5 and 
7 days (Wintz et al., 2003;Talke et al., 2006;van de Mortel et al., 2006;van de Mortel et 
al., 2008;Assunção et al., 2010). Therefore, in order to capture the early and late changes 
induced by Zn deficiency at the transcriptional level we decided to use the time points 4 and 
12 days for the RNA sequencing experiment. Although we did not measure the expression 
level of these genes at the time point 12 days, based on our results we decided that 12 days 
would better represent the late transcriptional changes induced by Zn deficiency than 6 days.
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Figure 1: Relative transcript level (RTL) of ZIP4 and FRD3 in shoots (A and C) and roots 
(B and D) of three A. thaliana accessions with contrasting tolerance to Zn deficiency 
at different time points after plants were transferred to the Zn deficiency treatment. 
Values represent the average gene expression level under Zn deficiency relative to the Zn 
sufficiency treatment. Average values correspond to three biological replicates and error 
bars represent the standard error. Significant differences for the expression levels of ZIP4 
and FRD3 between treatments for each accession and time point are shown in table S2.
3.2. A. thaliana general transcriptional response to Zn deficiency
Based on the RNAseq results we selected genes that showed differential expression 
when comparing the Zn deficiency and sufficiency treatments based on a P value cutoff 
of 0.05. In this study we focused on the accessions general Zn deficiency responsive 
genes selected based on transcripts that shared a similar transcriptional response 
when comparing the three A. thaliana accessions as explained in more detail in the 
material and methods. Figure 2 provides an overview of the number of transcripts 
involved in the response of the three A. thaliana accessions to Zn deficiency, comparing 
roots and shoots and the two different time points after exposure to Zn deficiency. 
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Figure 2: Venn diagrams illustrating the number of significantly differentially expressed 
transcripts (up- or down-regulated) in response to Zn deficiency when compared to the Zn 
sufficiency treatment in the three A. thaliana accessions (Col-0, Tsu-0, and Pa-2). Transcripts 
Figure 2: Venn diagrams illustrating the number of significantly differentially expressed 
transcripts (up- or down-regulated) in response to Zn deficiency when compared to 
the Zn sufficiency treatment in the three A. thaliana accessions (Col-0, Tsu-0, and Pa-
2). Tra scripts differe tially expressed in roots and shoots in the two time points after 
exposure to Zn deficiency are shown separately.
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3.2.1. Early root response to Zn deficiency
After 4 days of exposure to Zn deficiency, a total of 173 transcripts were significantly up-
regulated in roots of all three A. thaliana accessions when compared to the Zn sufficiency 
treatment (Figure 2, Table S3). GO analysis indicated that this set of genes was enriched with 
transcripts involved in response to stimulus, defence response, cell wall organization, ion 
transport, peroxidase activity, glucosinolates and carbohydrate metabolism (biosynthesis 
and catabolism) (Table S4). Among these transcripts were several genes known to be 
involved in Zn deficiency homeostasis, such as ZIP2, 3, 4, 5, 9 and IRT3 which encode Zn 
transmembrane transporters (Grotz et al., 1998;Lin et al., 2009;Milner et al., 2013) and 
FRD3 (van de Mortel et al., 2006) (Table 1). Other genes involved in other ions homeostasis 
present in this gene set were MOT1, which encodes a high affinity Mo transporter localized 
in the mitochondria (Tomatsu et al., 2007;Baxter et al., 2008a), and FRO5, which encodes 
a ferric reductase oxidase involved in Cu reduction and uptake in roots and shoots (Bernal 
et al., 2012). This response may reflect the changes in the Fe concentration in the plants 
roots when exposed to Zn deficiency. Other studies have already demonstrated that 
Fe concentrations increase when plants are exposed to Zn deficiency, due to the strong 
up-regulation of Zn transporters which have the ability of transporting other elements, 
such as Fe (van de Mortel et al., 2006;Gruber et al., 2013;Shanmugam et al., 2013).
The same samples showed 129 transcripts significantly down-regulated under Zn deficiency 
(Figure 2, Table S5). This set was enriched with transcripts involved in hormones mediated 
response to stimulus, glucosinolates and carbohydrate biosynthesis and ion transport (Table 
1 and S6). Among the ion transport transcripts were genes involved in Fe homeostasis, such 
as FRO2 and IRT1 and the transcription factors (TFs) bHLH38, 39, 100 and 101. These TFs 
play an important role under high Zn and low Fe conditions by interacting with the FIT1 
protein which induces the expression of the Fe uptake genes FRO2 and IRT1 (Colangelo and 
Guerinot, 2004;Jakoby et al., 2004;Yuan et al., 2004;Yuan et al., 2008;Wang et al., 2013a). 
FRO2 encodes a ferric chelate reductase which reduces Fe(III) to the more soluble form 
Fe2+ on the external side of the root plasma membrane (Robinson et al., 1999). The gene 
IRT1 encodes a metal ion transporter responsible for the root uptake of Fe2+ into epidermal 
cells (Henriques et al., 2002;Varotto et al., 2002;Vert et al., 2002). Other genes present in 
this set encoded tonoplast transporters involved in the homeostasis of Zn, Fe and other 
micronutrients were: IREG2, MTP3 and ZIF1. IREG2 is involved in Fe-dependent Ni and Co 
sequestration into the vacuole (Schaaf et al., 2006;Morrissey et al., 2009). MTP3 acts in the 
vacuolar sequestration of Zn under conditions of high Zn influx into the roots, such as Fe 
deficiency and Zn excess (Kobae et al., 2004;Desbrosses-Fonrouge et al., 2005;Arrivault et 
al., 2006). ZIF1 transports nicotianamine, which is a major mineral chelator, into the vacuole 
(Haydon et al., 2012). Among the down-regulated genes in roots were also OPT3 and ZIP8. 
OPT3 encodes an oligopeptide transporter which loads Fe into the phloem facilitating its 
redistribution from mature to developing tissues (Mendoza-Cózatl et al., 2014;Zhai et al., 
2014), while ZIP8 encodes another ZIP-type transmembrane transporter, of which little is 
known in terms of mineral transport specificity (Milner et al., 2013). van de Mortel et al. 
(2006) described the up-regulation of ZIP8 in response to high Zn concentrations in roots 
of the A. thaliana accession Col-0. ZIP8 was also differentially expressed in the fit1 mutant 
in comparison to the wild-type A. thaliana (Colangelo and Guerinot, 2004). On the other 
hand, opposite to our findings Jain et al. (2013) reported that ZIP8 is up-regulated in both 
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shoots and roots of A. thaliana plants after seven days of growth under Zn deficiency.
The accessions general response to Zn deficiency at the early time point involved the up-
regulation of genes involved in carbohydrate metabolism (biosynthesis and catabolism) 
(Table S3) and the down-regulation of genes involved in carbohydrate biosynthesis (Table 
S5). Among the carbohydrate biosynthesis transcripts that were down-regulated in roots 
after 4 days was the gene THREHALOSE PHOSPHATASE (TPPH) (Table S5). TPPH encodes a 
threhalose-6-phosphate phosphatase which catalyzes the dephosphorylation of threalose-
6-phosphate (T6P) to the disaccharide threhalose (Cabib and Leloir, 1957). T6P has 
been shown to work as a signaling metabolite and plays a key role in regulating carbon 
assimilation and the sugar status of the plant (Ponnu et al., 2011;Nunes et al., 2013). Lunn et 
al. (2006) demonstrated that the plant levels of T6P reflected its sucrose status. Moreover, 
five genes encoding XYLOGLUCAN ENDOTRANSGLUCOSYLASE/HYDROLASE (XTH12, 13, 14 
and 26) were among the carbohydrate metabolism transcripts up-regulated in roots of the 
three A. thaliana accessions after 4 days (Table S3). Two roles have been proposed for the 
XTHs, (1) cell wall loosening enabling cell expansion and (2) addition of new xyloglucan 
molecules into the cell wall (Rose et al., 2002). We also found the gene SUS1 up-regulated 
in roots at 4 days. This gene encodes a sucrose synthase enzyme which catalyses the 
formation of UDP-glucose and is important for starch and cellulose biosynthesis in A. 
thaliana (Baroja-Fernández et al., 2012). The down-regulation of TPPH and up-regulation 
of XTHs and SUS1 in roots may indicate that in early stages after exposure to Zn deficiency 
plants induce changes in carbohydrate metabolism which may affect root growth.
We also found transcriptional changes in genes affecting glucosinolate metabolism. 
Glucosinolates are secondary metabolites which play a role in plants defense against 
herbivores and pathogens infection and are very abundant in species of the Brassicaceae 
family (Bones and Rossiter, 1996;van Dam et al., 2009). Genes involved in indole-
glucosinolate catabolism were up-regulated (Table S3) while genes involved in glucosinolate 
biosynthesis in general were down-regulated (Table S5). In the hyperaccumulator species 
Noccea caerulescens glucosinolates concentration increased upon exposure to high Zn, 
while in roots it decreased, possibly as a result of the increased metal concentration in 
tissues of this plant which can act itself in inhibiting herbivory (Tolrà et al., 2001;Noret et 
al., 2007). Herbette et al. (2006) also observed the decrease in expression level of genes 
involved in glucosinolates biosynthesis in A. thaliana plants exposed to high Cd. These 
authors proposed that because glucosinolates are rich in sulphur, when exposed to high 
Cd concentrations, plants prioritize the use of sulphur to produce phytochelatins which 
can bind Cd and help with preventing its toxic effect. On the other hand, van de Mortel 
et al. (2008) observed the up-regulation of two genes (MYB28 and CYP83A1) involved 
in glucosinolates biosynthesis in roots of A. thaliana plants exposed to Zn deficiency 
and high Cd. However, the down-regulation of transcripts involved in glucosinolates 
biosynthesis in A. thaliana in response to Zn deficiency has never been shown before. 
Further studies will be needed to elucidate the mechanism underlying this response.
3.2.2. Late root response to Zn deficiency
After 12 days 69 transcripts were significantly up-regulated in response to Zn deficiency in 
roots of all three A. thaliana accessions (Figure 2, Table S7). Transcripts in this set were involved 
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in cellular ketone, L-serine metabolism and ion transport (Table S8). Similarly to 4 days, we 
found several genes encoding Zn transmembrane transporters in this set (Table 2). Among 
these were: ZIP1, 3, 4, 5, 9, 12, IRT3, FRD3 and MTP2 previously demonstrated to be induced 
in response to Zn deficiency (Grotz et al., 1998;Wintz et al., 2003;Drager et al., 2004;Arrivault 
et al., 2006;van de Mortel et al., 2006;Lin et al., 2009;Assunção et al., 2010). The late root 
response to Zn deficiency also included the expression of NICOTIANAMINE SYNTHASE genes 
NAS2, 3 and 4 and HMA2. HMA2 encodes a plasma membrane transporter involved in loading 
Zn into the xylem by exporting it from adjacent root cells (Eren and Arguello, 2004;Hussain et 
al., 2004;Sinclair et al., 2007;Wong et al., 2009). A. thaliana has four NAS genes. NAS catalyses 
the last step of the nicotianamine (NA) synthesis. NA is able to chelate Zn and other metals 
forming metal-NA complexes, which can be transported through the phloem or xylem (Suzuki 
et al., 1999;Takahashi et al., 2003;Curie et al., 2009;Klatte et al., 2009;Haydon et al., 2012).
In the same samples, 40 transcripts were down-regulated upon Zn deficiency (Figure 2, 
Table S9). Based on the GO analysis the overrepresented biological processes associated 
with this set of transcripts were: response to Cu and Fe ion, cellular response to oxygen 
radical, response to hypoxia and anaerobic respiration (Table S10). Among Cu and Fe 
responsive transcripts were the genes FRO5 and COPT2. COPT2 is a high affinity Cu 
transmembrane transporter involved in Cu acquisition and distribution (Perea-Garcia 
et al., 2013), while FRO5 is thought to be a copper reductase (Bernal et al., 2012). Both 
genes have previously been described to be up-regulated in response to Fe and Cu 
deficiency (Bernal et al., 2012;Perea-Garcia et al., 2013), suggesting that Zn deficiency 
(indirectly) enhances Fe and Cu uptake through other ways than FRO5 and COPT2. 
After 12 days of Zn deficiency exposure the accessions response to oxidative stress in 
roots appears to be reduced, indicated by the transcriptional down-regulation of the Cu/
Zn superoxide dismutase genes CSD1 and CSD2. These genes encode proteins that protect 
plants against oxidative stress by catalysing the conversion of the reactive oxygen species 
(ROS) superoxide anion radical (O
2
-) to O
2
 and H
2
O
2
. Expression of these genes is controlled 
by the micro RNA 398 (Delledonne et al., 2001;Sunkar et al., 2006). These proteins both 
need Zn and Cu to function; Zn is part of the protein structure while Cu binds directly to 
the metallocenter enabling the catalysis reaction. CSD1 is predicted to be localized in the 
cytoplasm and CSD2 in the chloroplast (Krämer and Clemens, 2005). The down-regulation 
of CSD1 and 2 in response to Zn deficiency has also been shown in other studies using A. 
thaliana (Wintz et al., 2003;van de Mortel et al., 2006). We also found the gene CA2 down-
regulated in roots and shoots of the three A. thaliana accessions after 4 days under Zn 
deficiency. CA2 encodes a carbonic anhydrase enzyme which needs Zn as a co-factor and is 
important for photosynthesis (Li et al., 2013). These findings may indicate that the down-
regulation of the Cu/Zn superoxide dismutases and CA2 is part of a Zn economy mechanism 
in which under low Zn conditions Zn is remobilized from less essential Zn containing 
proteins to be used in more essential functions, such as transcription (Choi and Bird, 2014).
3.2.3. Early shoot response to Zn deficiency
Upon 4 days exposure to Zn deficiency, 121 transcripts were up-regulated in shoots of 
the three A. thaliana accessions (Figure 2, Table S11). The range of fold changes of the 
transcriptional up-regulation was much less wide than for early root responsive genes, 
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indicating that after 4 days, shoots did not appear to be much affected by Zn deficiency. 
The biological processes overrepresented in this set of genes were: starch catabolism, 
response to gibberellin and water deprivation (Table S12). Most affected was the stress 
responsive gene AT1G56300 encoding a heat shock protein. In this set we also found the 
genes IRT3 and PAP27 previously shown to be up-regulated in response to Zn deficiency 
(Table 3) (van de Mortel et al., 2006;Assunção et al., 2010). However, so far only IRT3 
has been functionally characterized as Zn transmembrane transporter (Lin et al., 2009). 
PAP27 encodes purple acid phosphate protein member of the metallo-phosphoesterases 
serine/threonine and its role in Zn homeostasis is not known (Li et al., 2002).
As in roots, changes in expression of genes involved in carbohydrate metabolism were 
observed. Genes regulating starch catabolism were up-regulated in shoots while in roots 
genes involved in carbohydrate metabolism were up-regulated and genes involved in 
carbohydrate biosynthesis were down-regulated. Among the genes involved in starch 
catabolism up-regulated in shoots at 4 days were ISA3, SEX4 and AMY3 shown to be essential 
for starch breakdown in leafs during the night (Delatte et al., 2005;Seung et al., 2013;Silver 
et al., 2013). The differential regulation of these genes in shoots and roots may indicate that 
in the early stages after exposure to Zn deficiency, plants increase the carbohydrate flow 
to the roots in order to promote their growth. The response to nutrient deficiencies with 
alterations in biomass allocation between root and shoot have been shown for nitrogen 
and phosphorus in other studies (as for a detailed review see Hermans et al. (2006)).
We found 71 transcripts significantly down-regulated in shoots of the three A. thaliana 
accessions after 4 days of exposure to Zn deficiency (Figure 2, Table 3 and S13). Genes involved 
in sequence specific DNA binding transcription were overrepresented in this set. Among 
these genes were members of the C2C2-Co-like TF family (Table S14), known to regulate the 
plant circadian clock and controls meristem identity (Griffiths et al., 2003). This family of TFs is 
composed by many Zn finger proteins which need Zn for their proper functioning. The down-
regulation of these TFs may indicate that they are one of the target molecules which have their 
regulation changed when the plant faces Zn deficiency and needs to switch to a Zn saving mode.
Similar as in roots, Fe deficiency responsive genes such as BHLH038, 39 and OPT3 were 
down-regulated in shoots, as well as other Fe homeostasis genes like FRO3 and NAS4. FRO3 
encodes a ferric reductase oxidase up-regulated under Cu and Fe deficiency in vascular 
tissues, and therefore hypothesized to be involved in Fe loading in the xylem or phloem 
(Mukherjee et al., 2006;Wu et al., 2007;Jeong and Connolly, 2009). Since NAS4 was up-
regulated in roots, its down-regulation in shoots was unexpected. It may indicate that 
the induction of these genes by the Zn deficiency treatment occurs only upon prolonged 
Zn deficiency. This hypothesis is supported by the role of the NA-metal complexes in 
the redistribution of Zn between tissues through the phloem (Takahashi et al., 2003).
3.2.4. Late shoot response to Zn deficiency
A much larger number of transcripts (327) was significantly up-regulated in shoots after 
12 days of exposure to Zn deficiency in the three A. thaliana accessions than in the other 
treatments (Figure 2, Table S15). This set of genes showed an overrepresentation of transcripts 
involved in cation transport, calcium ion homeostasis, nicotianamine biosynthesis, protein 
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phosphorylation, secondary metabolism, defence response and response to abscissic acid 
(Table S16). Among the genes involved in cation transport were ZIP3, 4, 5, 9, 11 and 12, 
IRT3 and NAS2, 3 and 4 (Table 4), which were also up-regulated in roots after 4 and 12 days 
(Tables 1 and 2). While the idea initially was that these genes are mainly involved in Zn 
uptake in roots, they clearly have other functions in shoots, probably needed for the cellular 
Zn uptake or distribution of Zn upon xylem transport (López-Millán et al., 2004;Colangelo 
and Guerinot, 2006). Such would be also the function of the enhanced expression of YSL3. 
This gene acts in phloem loading and remobilization of Zn and Fe from senescing tissues to 
reproductive organs (Waters et al., 2006;Waters and Grusak, 2008). As in roots, upon 12 
days Zn deficiency the genes FRD3 and HMA2 were up-regulated in shoots. It also included 
FER1, which was not found before. This gene encodes a plastid localized ferritin involved in 
buffering Fe levels to prevent oxidative stress by sequestering the excess of free Fe2+ in the 
cytosol (Petit et al., 2001;Ravet et al., 2009). The observed late induction of these transcripts 
involed in Zn deficiency homeostasis in shoots in comparison to roots may indicate that roots 
response to the Zn deficiency treatment is faster due to its direct contact with the medium.
In total 170 transcripts were down-regulated in shoots of the three A. thaliana accessions after 
12 days of exposure to Zn deficiency (Figure 2, Table S17). In contrast to genes down-regulated 
in roots, there are no clear Fe homeostasis genes in this set, perhaps with exception of FRO4 
(Table 4). Although annotated as ferric reductase oxidase gene, FRO4 is transcriptionally 
highly responsive to Cu deficiency (Bernal et al., 2012). Overrepresented biological processes 
present in this cluster were: starch catabolism, defence response to fungi, response to glucose, 
response to abscissic acid and different stimulus (cold, light and water deprivation) (Table S18).
More pronounced than found in the genes down-regulated after 4 days under Zn deficiency, 
were changes in transcript abundance of genes involved in the control of the circadian 
rhythm and response to light. Among these genes were PRR3 and PRR5 both encoding 
pseudo-response regulator proteins involved in the control of flowering time (Para et al., 
2007;Nakamichi et al., 2012), as well as genes involved in circadian clock mediated control 
of flowering time such as FKF1, ELF3 and ELF4 (Lu et al., 2012;Song et al., 2012;Kim et al.). 
FKF1 regulates the timing of daylight and induction of flowering in plants grown under long-
day conditions (Ito et al., 2012;Song et al., 2012). ELF4 regulates the distribution inside the 
nucleus of a the protein GIGANTEA, which is a key component of the circadian clock in A. 
thaliana, contributing to the photoperiodic regulation of flowering time (Kim et al., 2013c). 
ELF3 encodes a protein involved in light input modulation and participates also of the 
circadian clock regulation, its mutation leads to early flowering, elongated hypocotyls and 
light-dependent arrhythmicity (Lu et al., 2012). This is interesting as one of the symptoms 
of Zn deficiency is the delay in flowering (Marschner, 1995;Broadley et al., 2007;Talukdar 
and Aarts, 2007). This could well be due to the down-regulation of these genes. Although 
plants were not yet flowering at the time of harvesting, a delay in flowering was indeed 
observed in other plants grown under similar Zn deficiency conditions (data not shown).
3.3. Core Zn deficiency responsive genes
From the accessions general Zn deficiency responsive genes we selected a core set of 
shoot and root Zn deficiency responsive genes which were significantly differentially 
expressed at both time points, so 4 and 12 days after exposure to Zn deficiency. In total 
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we identified 30 root Zn deficiency responsive core genes and 53 shoot genes (Figure 3 
and Table 5). We performed a hierarchical clustering to build heat maps representing the 
log
2
 fold changes (FC) in expression of these core Zn genes (Figure 4). Interestingly, we 
observed a change in behavior of the core Zn deficiency responsive genes between the 
time points; transcripts up-regulated after 4 days were down-regulated after 12 days and 
the other way around. This is mainly the case for shoot expressed genes, with only two 
out of 53 genes being up-regulated at 4 and 12 days of Zn deficiency. In roots more than 
a half of the core Zn deficiency responsive genes were up-regulated at both time points.
In roots the core Zn deficiency responsive genes had an overrepresentation of transcripts 
involved in Zn ion transmembrane transport, thiamine pyrophosphate binding and pyruvate 
decarboxylase activity (Table 5). Most of the 15 transcripts which were up-regulated 
in roots at both time points were involved in Zn ion transmembrane transport. Among 
these genes were several members of the ZIP family of transmembrane transporters 
(ZIP3, 4, 5, 9 and IRT3) and other known Zn deficiency responsive genes (FRD3, PAP27, 
AT1G20380), in line with previous studies (van de Mortel et al., 2006;Assunção et al., 2010).
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Core Zn deficiency responsive genes 
 
From the accessions general Zn deficiency responsive genes we selected a core set of shoot 
and root Zn deficiency responsive genes which were significantly differentially expressed at 
both time points, so 4 and 12 days after exposure to Zn deficiency. In total we identified 30 
root Zn deficiency responsive core genes and 53 shoot genes (Figure 3 and Table 5). We 
performed a hierarchical clustering to build heat maps representing the log2 fold changes (FC) 
in expression of these core Zn genes (Figure 4). Interestingly, we observed a change in 
behavior of the core Zn deficiency responsive  between the time points; transcripts up-
regulated after 4 days were down-regulated after 12 days and the other way around. This is 
mainly the case for shoot expressed genes, with only two out of 53 genes b ing up-regulated 
at 4 and 12 days of Zn deficiency. In roots more than a half of the core Zn deficiency 
responsive genes were up-regulated at both time points. 
 
Shoot – Core Genes 
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Root – Core Genes 
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Figure 3: Venn diagrams showing the core Zn deficiency responsive genes represented by the 
intersections between transcripts being significantly up- and down-regulated in shoots or 
roots of the three A. thaliana accessions (Col-0, Tsu-0, and Pa-2) after  4 and 12 days of 
exposure to Zn deficiency. The list of core genes is shown in Tables 5 and 6. 
  
Figure 3: Venn diagrams showing the core Zn deficiency responsive genes represented by 
the intersections between transcripts being significantly up- a d down-r gulated in shoots 
or roots of the three A. thaliana accessions (Col-0, Tsu-0, and Pa-2) after  4 and 12 days of 
exposure to Zn deficiency. The list of core genes is shown in Tables 5 and 6.
Among these genes were also three genes encoding defensin-like proteins (AT2G36255, 
AT4G11393 and AT5G33355). These genes had the highest fold change in expression when 
compared to the other genes in this set and were up-regulated in both time points (Figure 5, 
Table 5). Similarly to defensins, defensin-like proteins contain a N-terminal signal sequence and 
are composed of small cysteine-rich peptides. A. thaliana has 317 genes encoding defensin-
like proteins, while it has only 15 genes encoding defensins (Thomma et al., 2002;Silverstein 
et al., 2005;Silverstein et al., 2007). Members of both families of proteins have been shown 
to play a role in plant pathogen defence, abiotic and biotic stress response, symbiotic 
interactions and plant growth and development (for a detailed review see (De Coninck et al., 
2013). van de Mortel et al. (2006) also described the strong up-regulation of the defensin-
like gene AT5G33355 and other genes encoding defensins under Zn deficiency in A. thaliana 
roots. Mirouze et al. (2006) demonstrated that the defensin gene PDF1.1 is constitutively 
high expressed in the hyperaccumulator species A. halleri and its overexpression confer 
tolerance to high Zn levels in A. thaliana and yeast. The differential expression of defensin 
genes was also observed in response to Mo, Fe and K deficiency and drought (Armengaud et 
al., 2004;Buckhout et al., 2009;Ide et al., 2010;Des Marais et al., 2012). However, the exact 
role of defensin and defensin-like genes in plants response to abiotic stress is not known. 
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Figure 4: Heatmap showing the hierarchical clustering of the core shoot and root genes with 
a significant change in expression under Zn deficiency relative to Zn sufficiency in the three 
A. thaliana accessions (Col-0, Tsu-0 and Pa-2) at 4 and 12 days. Transcripts shown in red 
were up-regulated in response to the Zn deficiency treatment and transcripts shown in green 
were down-regulated. The colour key represents the log2 transformed relative expression 
levels of the genes ranging from -3 (up-regulated) to 3 (down-regulated) fold change. 
 
In roots the core Zn deficiency responsive genes had an overrepresentation of transcripts 
involved in Zn ion transmembrane transport, thiamine pyrophosphate binding and pyruvate 
decarboxylase activity (Table 5). Most of the 15 transcripts which were up-regulated in roots 
at both time points were involved in Zn ion transmembrane transport. Among these genes 
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Figure 4: Heatmap showing the hierarchical clustering of the core shoot and root genes 
with a significant change in expression under Zn deficiency relative to Zn sufficiency in the 
three A. thaliana accessions (Col-0, Tsu-0 and Pa-2) at 4 and 12 days. Transcripts shown in 
red were up-regulated in response to the Zn deficiency treatment and transcripts shown 
in green were down-regulated. The colour key represents the log2 transformed relative 
expression levels of the genes ranging from -3 (up-regulated) to 3 (down-regulated) fold 
change.
Our findings show the involvement of defensin-like genes in the plant response to Zn 
deficiency, however further studies are necessary to elucidate their function in this process.
Most of the shoot core Zn deficiency responsive genes showed a drastic change in 
expression when comparing 4 and 12 days of Zn deficiency exposure (Figure 4, Table 6). 
Only one transcript, encoding an unknown protein (AT5G05250) had its expression levels 
down-regulated  hoots i  both time poi ts (Figure 5 and Table 6). van de Mortel t al. 
(2006) also found this gene being up-regulated in roots of A. thaliana plants exposed to high 
Zn concentration. Similarly, only two genes were up-regulated in both time points (IRT  and 
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PAP27), both of which appear to be under transcriptional control of bZIP19 and bZIP23, the 
two transcriptional factors involved in the Zn deficiency response in A. thaliana (van de Mortel 
et al., 2006;Assunção et al., 2010). In contrast to roots, we did not find other genes involved 
in Zn homeostasis being up-regulated in shoots in both time points, suggesting that shoots 
may take longer to sense and respond to the decrease in Zn levels caused by Zn deficiency. 
Prior to Zn deficiency exposure plants were grown hydroponically for 19 days under sufficient 
Zn supply enabling them to store Zn, mainly in the vacuoles and bound to other molecules. 
As the roots are in direct contact with the medium they are likely to rapidly sense the strong 
decrease in Zn availability and respond by up-regulating Zn transporters while remobilizing 
the stored Zn reserves. This would initially ensure the maintenance of the Zn flux from roots 
to shoots and may explain the delayed sensing of Zn deficiency in shoots compared to roots.
Plants exposed to Zn deficiency also showed alterations in genes regulating the plant 
circadian rhythm in shoots after 4 and 12 days. In shoots the early response to Zn deficiency 
involved the down-regulation of several genes belonging to the C2C2-CO-like or CONSTANS 
LIKE family. This family of genes is composed by zinc finger TFs, which some were shown 
to be involved in the control of the circadian clock and meristem identity in A. thaliana 
(Putterill et al., 1995;Andres and Coupland, 2012). Among the genes transcriptionally down-
regulated after 4 days of exposure to Zn deficiency were COL1 and COL2. Expression of 
these genes is regulated by the circadian clock with a peak in transcript levels around dawn 
(Ledger et al., 2001). After 12 days the genes LUX, ELF3, GRP7, WNK1, PRR3 and PRR5, 
which all have been shown to play a role in the regulation of the plant circadian clock and 
induction of flowering, were all down-regulated in shoots (Heintzen et al., 1997;Nakamichi 
et al., 2002;Streitner et al., 2008;Wang et al., 2008a;Helfer et al., 2011;Nagel and Kay, 
2012). In addition, the gene LHY, which encodes a myb-related TF involved in the control 
of the circadian rhythm was up-regulated after 4 days and down-regulate after 12 days 
in both roots and shoots (Schaffer et al., 1998;Fujiwara et al., 2008). These findings may 
indicate that the function of genes involved in Zn deficiency is dependent on the plant 
circadian rhythm. In support to this hypothesis other studies have shown that in A. 
thaliana genes involved in Fe homeostasis, such as YSL2, IRT1, FRO2, BHLH39 and FER1, 
have a circadian regulation of transcription (Vert et al., 2002;Schaaf et al., 2006;Hong et 
al., 2013). These authors proposed that the mechanism underlying this response reflected 
the requirement of energy supply for the nutrient transporters and subsequent metabolic 
pathways which is obtained from photoassimilates and coordinated by the circadian clock.
Regarding the changes in transcripts expression level under Zn deficiency, as expected, we 
did not have a significant increase in the expression of the Zn deficiency response regulators 
bZIP19 and bZIP23. These two TFs have been shown to regulate the expression of several 
members of the ZRT-IRT-like proteins (Assunção et al., 2010) and are hypothesized to initiate 
the response to Zn deficiency in A. thaliana by sensing the cellular Zn levels (Sinclair and 
Kramer, 2012;Assunção et al., 2013;Choi and Bird, 2014). Our findings support the Zn 
deficiency sensing mechanism proposed by Assunção et al. (2013) that these TFs are not 
up-regulated in response to Zn deficiency, but their levels are kept constant in the cell and 
they will only be activated or deactivated in response to changes in the Zn cellular levels.
Among the root and shoot core Zn deficiency responsive genes we found five genes in common 
when comparing roots with shoots. IRT3 was the only gene encoding a Zn transporter present 
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among these genes (Lin et al., 2009). It was up-regulated in both tissues and time points 
in the three A. thaliana accessions indicating that it may play a central role in the plants 
response to Zn deficiency. Other core Zn deficiency responsive genes overlapping between 
roots and shoots were AT2G15960 which encodes an unknown protein, AT4G01390 encoding 
a TRAF-like protein of unknown function, PAP27 and LHY. The genes encoding unknown 
proteins and the TRAF-like protein were up-regulated after 4 days and down-regulated after 
12 days in both tissues. PAP27 encodes a member of the metallo-phosphoesterases serine/
threonine phosphatase was up-regulated after 4 and 12 days in roots and shoots. PAP27 
was also shown by van de Mortel et al. (2006) and Assuncao et al. (2010) to be up-regulated 
under Zn deficiency. Phosphatases play a key role in signal transduction through protein 
phosphorylation by removing phosphate groups from the substrate (Luan et al. 2010). 
Although, there is no information about PAP27 function, in mammals PAP genes have been 
associated with Fe transport (Nuttleman and Roberts, 1990) and in plants with ascorbic 
acid biosynthesis (Wang et al., 2008b), ROS metabolism (del Pozo et al., 1999), degradation 
of cell wall components (Kaida et al., 2010) and phosphate starvation (Wang et al., 2011). 
Further studies are needed to validate its role in the Zn deficiency response in A. thaliana.
3.4. Model of the early and late Zn deficiency response in A. thaliana
Among the accessions general Zn deficiency responsive transcripts we identified several 
genes previously shown to be involved in Zn and other micronutrients homeostasis. 
However, the time frame change in expression of these genes is not known. Therefore, 
based on our results we propose a model of the transcriptional response to Zn deficiency 
in A. thaliana in roots and shoots after short and long term exposure to low Zn (Figure 5).
In roots the accessions early response to Zn deficiency was to promote Zn up-take by up-
regulating several Zn transmembrane transporters, such as ZIP2, 3, 4, 5, 9 and IRT3 (Grotz 
et al., 1998;van de Mortel et al., 2006;Lin et al., 2009;Milner et al., 2013). Root-to-shoot Zn 
translocation also seems to be induced shown by the up-regulation of FRD3 in roots at 4 days 
(Rogers and Guerinot, 2002;Durrett et al., 2007;Pineau et al., 2012). In addition, we found 
genes involved in the homeostasis of other micronutrients up-regulated; FRO5 involved in 
Cu reduction at the root surface and MOT1 which encodes a mitochondria Mo transporter 
(Tomatsu et al., 2007;Baxter et al., 2008a;Bernal et al., 2012). Furthermore, after short term 
exposure to Zn deficiency plants avoid the remobilization of Zn into the vacuoles in roots by 
down-regulating genes encoding proteins localized in the tonoplast (ZIF1, MTP3 and IREG2) 
(Arrivault et al., 2006;Schaaf et al., 2006;Haydon and Cobbett, 2007;Morrissey et al., 2009).
After short term exposure to Zn deficiency accessions also reduced the up-take of Fe in 
roots and its translocation and distribution in shoots. We found several genes involved in Fe 
deficiency response down-regulated in roots and shoots of the three A. thaliana accessions 
studied after 4 days under Zn deficiency. The Fe deficiency responsive genes BHLH38, 39, 100 
and 101, IRT1 and FRO2 were down-regulated in roots and BHLB38 and 39 in shoots after 4 
days under low Zn (Robinson et al., 1999;Henriques et al., 2002;Vert et al., 2002;Colangelo 
and Guerinot, 2004;Yuan et al., 2008;Wang et al., 2013a). The gene OPT3 which is involved 
in Fe signaling and loading into phloem was also down-regulated in both roots and shoots 
at 4 days (Mendoza-Cózatl et al., 2014;Zhai et al., 2014). In addition, in shoots we observed 
the down-regulation of the genes FRO3 and NAS4, both known to be mediate the transport 
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Figure 5: Model showing the early (A) and late (B) general response to Zn deficiency in 
the three A. thaliana accessions studied. In this figure we only show transcripts already 
described by other authors as being involved in Zn and other micronutrients homeostasis. 
Transcripts up-regulated are represented in red; and down-regulated in blue.
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of Fe through vascular tissues (Wintz et al., 2003;Klatte et al., 2009;Stein and Waters, 2012).
The down-regulation of several genes involved in Fe homeostasis in both roots and 
shoots after 4 days highlights the strong crosstalk between the Fe and Zn homeostasis 
mechanisms previously observed in other studies (van de Mortel et al., 2006;Shanmugam 
et al., 2013). The changes in Fe concentration when plants are exposed to Zn deficiency 
is probably a result of the up-regulation of Zn transmembrane transporters, such as IRT3, 
ZIP3, 11 and 12, under Zn deficiency which can also uptake Fe and other divalent cations 
(Lin et al., 2009;Yang et al., 2010;Milner et al., 2013;Shanmugam et al., 2013). Moreover, 
the down-regulation of Fe deficiency genes after 4 days in both roots and shoots may 
indicate that the signaling pathway of Fe homeostasis genes is faster and more tightly 
controlled than the Zn signaling pathway. This mechanism indicates that plants are 
able to cope with a larger variation in Zn concentration, whereas large variation in Fe 
concentration is avoided with the tight regulation of Fe transporters. In support to this 
hypothesis, Baxter et al. (2008b) demonstrated that when plants are supplied with low Fe 
concentrations Fe transporters are strongly up-regulated and their shoot Fe concentration 
do not change in comparison to the plants grown under Fe sufficiency conditions.
Long term exposure to Zn deficiency induced the up-regulation of several members of the 
ZRT-IRT-like protein family of Zn transmembrane transporters in both roots (ZIP1, 3, 4, 5, 
9 and 12 and IRT3) and shoots (ZIP3, 4, 5, 9, 11 and 12 and IRT3) (Grotz et al., 1998;Lin et 
al., 2009). The late response to Zn deficiency also resulted in the increased Zn loading into 
the xylem shown by the up-regulation of HMA2 in both roots and shoots at 12 days (Eren 
and Arguello, 2004;Hussain et al., 2004;Sinclair et al., 2007;Wong et al., 2009). Plants also 
induced translocation and re-distribution of Zn between tissues demonstrated by the up-
regulation of the NAS genes (NAS2, 3 and 4) in roots and shoots and the metal-NA complex 
transporter YSL3 in shoots (Suzuki et al., 1999;Waters et al., 2006;Waters and Grusak, 2008).
The accessions late response to Zn deficiency resulted in the differential regulation of transcripts 
involved in Fe and Cu uptake and transport. However, this response was weaker than what we 
observed at the early time point after exposure to Zn deficiency. In roots the genes FRO5 and 
COPT2, both known to be up-regulated in response to Cu deficiency, were down-regulated 
(Bernal et al., 2012;Perea-Garcia et al., 2013). In shoots we observed the down-regulation of 
the Cu deficiency responsive gene FRO4 (Bernal et al., 2012), while the gene FER1 which is 
postulated to be involved in the buffering of Fe levels in the citosol was up-regulated (Ravet 
et al., 2009). Similarly to what we observed for Fe, the down-regulation of Cu homeostasis 
genes may reflect the indirect increase of Cu concentration in plants exposed to Zn deficiency 
as a result of the increased expression of Zn up-take genes which can also take-up Cu, such 
as ZIP4 (Grotz et al., 1998;Wintz et al., 2003;Assunção et al., 2010;Shanmugam et al., 2013).
4. Conclusion
Our research shows for the first time the pattern of expression over time of the major genes 
involved in Zn deficiency homeostasis. The genes NAS2, 3 and 4 play a key role in the late 
response to Zn deficiency in roots and shoots. IRT3 is the only Zn deficiency responsive 
gene up-regulated in shoots and roots in both time points studied. We also provide strong 
evidence of the crosstalk between the mechanisms involved in Zn and Fe homeostasis. 
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Gene Primer Orientation Primer Sequence (5’ – 3’)
ZIP4
Forward GGCTGCATCTCTCAGGCACA
Reverse GGCCACTGCAGTTCCAATCC
FRD3
Forward ATGGGCTACTATTGCTGG
Reverse AAGACCATCATTGAGAAGAG
EF1-α
Forward CACATTTTCGTAGCCGCAAGACTCC
Reverse GATGACACGCTTGTCAATACCACC
Table S1: Sequences of the oligonucleotides used as primers for the qRT-PCR.
Furthermore, we show that the general response to Zn deficiency in the three A. thaliana 
accessions studied result in changes in carbohydrate metabolism, glucosinolate biosynthesis 
and in the control of the circadian clock. We propose that a Zn economy response also 
takes place under Zn deficiency based on the differential regulation of genes involved in 
the scavenging of ROS and Zn finger proteins. Finally, we provide further evidence that 
defensin-like proteins play a role in Zn homeostasis and indicate that PAP27 is a promising 
candidate gene for future studies of the Zn deficiency homeostasis network in A. thaliana.
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Trait Tretment (Root) Tretment (Shoot)
ZIP4_Tsu-0_6 hours F
1,1
= 0.301 P = 1.409 F
1,1
= 62.877 P = 0.001
ZIP4_Tsu-0_24 hours F
1,1
= 83.030 P = 0.001 F
1,1
= 52.987 P = 0.002
ZIP4_Tsu-0_4 days F
1,1
= 159.578 P = 0.000 F
1,1
= 18.200 P = 0.013
ZIP4_Tsu-0_6 days F
1,1
= 6093.105 P = 0.000 F
1,1
= 136.307 P = 0.000
ZIP4_Pa-2_6 hours F
1,1
= 3.864 P = 0.121 F
1,1
= 198.364 P = 0.000
ZIP4_Pa-2_24 hours F
1,1
= 13.174 P = 0.022 F
1,1
= 10.223 P = 0.033
ZIP4_Pa-2_4 days F
1,1
= 76.627 P = 0.001 F
1,1
= 3.244 P = 0.146
ZIP4_Pa-2_6 days F
1,1
= 80.194 P = 0.001 F
1,1
= 1024.135 P = 0.000
ZIP4_Col-0_6 hours F
1,1
= 12.472 P = 0.024 F
1,1
= 26.785 P = 0.007
ZIP4_Col-0_24 hours F
1,1
= 51.283 P = 0.002 F
1,1
= 2.323 P = 0.202
ZIP4_Col-0_4 days F
1,1
= 8.338 P = 0.045 F
1,1
= 2.121 P = 0.219
ZIP4_Col-0_6 days F
1,1
= 1428.004 P = 0.000 F
1,1
= 80.603 P = 0.001
FRD3_Tsu-0_6 hours F
1,1
= 30.418 P = 0.005 F
1,1
= 39.504 P = 0.003
FRD3_Tsu-0_24 hours F
1,1
= 40.699 P = 0.003 F
1,1
= 183.435 P = 0.000
FRD3_Tsu-0_4 days F
1,1
= 0.519 P = 0.511 F
1,1
= 0.982 P = 0.378
FRD3_Tsu-0_6 days F
1,1
= 470.081 P = 0.000 F
1,1
= 80.476 P = 0.001
FRD3_Pa-2_6 hours F
1,1
= 125.195 P = 0.000 F
1,1
= 2.243 P = 0.209
FRD3_Pa-2_24 hours F
1,1
= 41.142 P = 0.003 F
1,1
= 0.087 P = 0.782
FRD3_Pa-2_4 days F
1,1
= 49.762 P = 0.002 F
1,1
= 5.281 P = 0.083
FRD3_Pa-2_6 days F
1,1
= 1.900 P = 0.240 F
1,1
= 144.055 P = 0.000
FRD3_Col-0_6 hours F
1,1
= 73.643 P = 0.001 F
1,1
= 22.082 P = 0.009
FRD3_Col-0_24 hours F
1,1
= 72.927 P = 0.001 F
1,1
= 35.724 P = 0.004
FRD3_Col-0_4 days F
1,1
= 23.820 P = 0.008 F
1,1
= 9.879 P = 0.035
FRD3_Col-0_6 days F
1,1
= 87.221 P = 0.001 F
1,1
= 252.950 P = 0.000
Table S2: Results of the one-way ANOVA analysis performed for gene expression ΔCT 
values for ZIP4 and IRT3 in roots and shoots of the three A. thaliana accessions (Tsu-0, Pa-2 
and Col-0) to test for significant differences between treatments in each time point studied. 
Analyses were performed separately for each accession, tissue and time point, with a cut-
off for significance of p < 0.05.
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5. Natural variation reveals Arabidopsis thaliana accession specific 
responses to Zn deficiency at the transcriptional level
Ana Carolina A. L. Campos, Edouard Severing, David E. Salt, Mark G. M. Aarts
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Abstract
Zn deficient soils are a widespread problem around the world leading to severe yield 
losses for crops which also have a reduced amount of Zn. The understanding of how plants 
respond to Zn deficiency at the transcriptional level is of paramount importance for studies 
aiming to increase plants tolerance to Zn deficiency and Zn concentration in the plants 
edible parts for biofortification purposes. Arabidopsis thaliana is a genetic model plant 
species widely used in molecular genetics studies which was used as a reference in our 
study. Some of the genes controlling the Zn deficiency homeostasis in plants have been 
identified in other studies which focused in one A. thaliana accession. However, little is 
known about differences between accessions with contrasting levels of tolerance to Zn 
deficiency at the transcriptional level in response to low Zn conditions. With the purpose of 
filling this gap, in this study we analyzed the response to Zn deficiency at the whole genome 
transcriptome level in roots and shoots at 4 and 12 days after exposure to Zn deficiency in 
three A. thaliana accessions with contrasting levels of Zn deficiency tolerance. With this 
approach we were able to identify genes and potential mechanisms causing the differences 
in Zn deficiency tolerance between the three accessions. We also found new candidate 
genes potentially involved in Zn homeostasis in A. thaliana, such as the cell wall protein 
kinase WAKL4 gene. Finally, we show the involvement of transposons, retrotransposons 
and changes in chromatin structure in the control of gene expression when plants are 
exposed to Zn deficiency stress. This suggests that epigenetic changes are part of the plants 
adaptation response when exposed to abiotic stress conditions such as Zn deficiency.
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1. Introduction
Zn is an essential micronutrient for plants and animals, playing a role in several biological 
processes (Marschner, 1995;Krämer and Clemens, 2005). Because of its biochemical 
properties Zn is the only metal present in the structure of all six enzyme classes (Grotz 
and Guerinot, 2006;Broadley et al., 2007). Zn plays a key role in photosynthesis and carbon 
metabolism, regulation of gene expression and protein synthesis, regulation of auxin levels 
and protection against reactive oxygen species (ROS) (Marschner, 1995;Cakmak, 2000;Palmer 
and Guerinot, 2009;Sinclair and Kramer, 2012). Plants facing Zn deficiency show reduced 
growth, leaf clhorosisis and necrotic spots, increased susceptibility to pathogens infections 
and injuries by high light intensity and temperature (Marschner, 1995;Cakmak, 2000).
Zn deficient soils are wide-spread over the world being one of the major causes of agronomic 
losses and resulting in low Zn intake by humans through the consumption of staple food 
with a low content of Zn (Cakmak, 2007;Alloway, 2009). In humans and higher animals 
Zn concentrations in the blood do not decrease in proportion to the Zn deficiency level. 
Alternatively, as a mechanism of protection Zn deficiency induces a reduction in growth 
to maintain the Zn levels (Alloway, 2009). Other effects of Zn deficiency in humans are 
impairment of the immune system and brain function (Cakmak, 2007). Efforts to enhance 
the Zn content and availability in staple food crops to decrease Zn deficiency in humans 
have been made through initiatives such as HarvestPlus (http://www.harvestplus.org/).
Plants regulate their internal Zn concentration to an optimal level through a process 
named Zn homeostasis. In nature due to differences in environmental conditions where 
they grow, some plant varieties may be able to perform better than others when facing 
Zn deficiency by adopting different strategies to regulate their internal Zn homeostasis. 
At the transcriptional level various genes have been demonstrated to play a role in the 
process of Zn deficiency homeostasis in plants (for a detailed review see Sinclair and Krämer 
(2012)). Previous studies used microarrays to detect genes induced in response to low Zn 
in Arabidopsis thaliana (Wintz et al., 2003;Talke et al., 2006;van de Mortel et al., 2006;van 
de Mortel et al., 2008;Assunção et al., 2010). However, they focused on only one A. 
thaliana accession (Col-0) and often examined only a single time point. Hence, differences 
in the response to Zn deficiency at the transcriptional level between different A. thaliana 
accessions with contrasting levels of Zn deficiency tolerance have not yet been investigated. 
The importance of such study is supported by the large differences observed between 
A. thaliana accessions at the gene expression level when exposed to stress conditions 
or other treatments (Delker et al., 2010;Des Marais et al., 2012;Wang et al., 2013c).
In this study we used RNA sequencing to obtain the complete transcriptome profile of 
three A. thaliana accessions with different abilities to tolerate Zn deficiency in order to 
identify genes which may be involved in the accessions’ specific response to Zn deficiency 
and genes which explain the observed differences in Zn deficiency tolerance between the 
studied accessions. For our study we used three A. thaliana accessions (Col-0, Tsu-0 and 
Pa-2). Previous research has shown that when exposed to Zn deficiency, Tsu-0 has a small 
decrease in shoot biomass in comparison to the other accessions and was thus considered 
to be more tolerant to Zn deficiency (chapter 2). On the other hand, the accession Pa-2 
showed a dcrease up to 40% in shoot biomass when exposed to Zn deficiency, and was 
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thus considered to be more sensitive to Zn deficiency (chapter 2). Col-0 is the most studied 
A. thaliana accession, being widely used as a reference genotype, which we did as well. 
The identification of accession specific processes related to differences in Zn deficiency 
tolerance may reveal different adaptive strategies used by these accessions in order to 
survive certain environmental conditions and stresses. In this study we focused on the 
accessions’ specific sets of genes which had a significant change in expression in response to 
Zn deficiency in only one of the accessions studied. In order to identify the overrepresented 
biological process regulated by the accession specific transcripts we performed a gene 
ontology enrichment analysis. Our findings show that some of the biological processes 
controlled by accession specific transcripts were also present in the accessions’ general 
response to Zn deficiency described in chapter 4. In addition, we observed an overlap 
between the biological processes controlled by different sets of accession specific transcripts. 
We also show that the differences in Zn deficiency tolerance between the accessions may 
result from the accessions’ specific differential regulation of transcripts involved in stress 
and defence response, hormone signalling pathways, carbohydrate metabolism and 
cell death. Furthermore, we found genes encoding transposases and antisense silencing 
elements being strongly up and down-regulated in response to Zn deficiency in Tsu-0 
roots and Pa-2 shoot and roots. Col-0 also induced the expression of transcripts involved 
in histone modification in roots. This indicates that the Zn deficiency stress induces 
epigenetic changes in gene expression regulation in an accession dependent manner, 
which could be important for adaptation under stress conditions, such as nutrient shortage.
 
2. Material and Methods
2.1. Zn deficiency phenotypic characterization
Three A. thaliana accessions (Tsu-0, Pa-2, and Col-0) were selected as described in chapters 
2 and 4 and used for both shoot and root growth and ionome profile analysis. Plant 
growth conditions were the same as described in chapter 2. The three A. thaliana were 
grown hydroponically under Zn sufficiency (2µM ZnSO
4
) for 19 days. After that half of the 
plants were transferred to the Zn deficiency (0.05µM ZnSO
4
) and the other half to the Zn 
sufficiency (2µM ZnSO
4
) treatment to grow for more 16 days. The experiment lasted for 
5 weeks in total. Shoots and roots were harvested and dried for 72 hours at 60 oC, dry 
biomass was measured and the same samples were used for ionome profile analysis as 
described in chapter 2. We used the relative change in shoot and root biomass and Zn 
concentration in response to the Zn deficiency treatment and Zn usage index (ZnUI) to 
evaluate the accessions tolerance to Zn deficiency (Siddiqi and Glass, 1981;Good et al., 
2004). ZnUI for shoot and root tissue was calculated based on the following formula:
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Statistical analysis 
For shoot and root dry weight (SDW and RDW), elemental concentrations and Zn content we 
performed a two-way ANOVA analysis to test for significant differences between treatments, 
accessions and the interaction between treatment and accessions. For elements concentration 
we performed a Benjamini-Hochberg multiple comparisons correction of the P values. To test 
for significant differences between accessions for the traits relative decrease in shoot and root 
dry weight, Zn concentration, Zn content and ZnUI we performed a one-way ANOVA 
analysis. If significant differences were observed we did a Tukey’s HSD post-hoc test with a 
cut-off level of significance of 0.05. 
 
RNA sequencing 
For the RNA sequencing experiment the three A. thaliana accessions (Col-0, Tsu-0 and Pa-2) 
selected were initially grown hydroponically for 19 days at sufficient Zn supply (2 µM 
ZnSO4) before being transferred to Zn deficient medium (0.05 µM ZnSO4) or kept on 
medium with sufficient Zn (2 µM ZnSO4). Shoots and roots were harvested at 4 and 12 days 
2.2. Statistical analysis
For shoot and r t dry weight (SDW and RDW), elemental concentrations and Zn content 
we performed a two-way ANOVA analysis to test for significant differences between 
131
treatments, accessions and the interaction between treatment and accessions. For 
elements concentration we performed a Benjamini-Hochberg multiple comparisons 
correction of the P values. To test for significant differences between accessions for 
the traits relative change in shoot and root dry weight, Zn concentration, Zn content 
and ZnUI we performed a one-way ANOVA analysis. If significant differences were 
observed we did a Tukey’s HSD post-hoc test with a cut-off level of significance of 0.05.
2.3. RNA sequencing
For the RNA sequencing experiment the three A. thaliana accessions (Col-0, Tsu-0 and Pa-
2) selected were initially grown hydroponically for 19 days at sufficient Zn supply (2 µM 
ZnSO
4
) before being transferred to Zn deficient medium (0.05 µM ZnSO
4
) or kept on medium 
with sufficient Zn (2 µM ZnSO
4
). Shoots and roots were harvested at 4 and 12 days after 
transference to the Zn deficiency and sufficiency treatments. These time points were selected 
based on a detailed time point gene expression analysis of the genes ZIP4 (AT1G10970) and 
FRD3 (AT3G08040) using these three accessions as described in chapter 4. At each time 
point three biological replicates of each accession were harvested. One biological replication 
consisted of three plants pooled (shoots and roots separate). Samples were immediately 
ground in liquid nitrogen and stored at -80 °C for RNA extraction. Total RNA was extracted 
using the RNeasy Plant Mini Kit (Qiagen®), following the manufacturer’s instructions. RNA 
concentration was measured with a Qubit and a total 3µg RNA was used for the next steps. 
The cDNA library was prepared according to the Illumina TrueSeq RNA using the cBot and 
Single Read Clustering chemistry V.3 of Illumina (www.illumina.com). Sequencing of 100 
nucleotides reads plus 6 nucleotides index reads was done using Illumina HiSeq2000 flow-cells.
The Illumina reads of Col-0 and Pa-2 were mapped against the Col-0 genome version 
TAIR10 (www.arabidopsis.org) using TopHat 2 (Kim et al., 2013a) with the following set 
of parameters: minimum intron length 50; maximum intron length 11.000; maximum 
multi-hits 1; maximum edit distance 5; maximum number of mismatches 5; pre-filter 
multi-hits. The Illumina reads of Tsu-0 were mapped against the reference genome 
of Tsu-0 (Gan et al., 2011) also using TopHat 2 with the same parameters setting. Gene 
expressions levels (FPKM) were determined using Cufflinks 2 (Trapnell et al., 2010). 
Differential expression analyses were performed using the Cuffdif 2 program included in the 
Cufflinks 2 package. Significant difference in gene expression under Zn deficiency relative 
to the Zn sufficiency treatment was set to p-value cutoff level lower or equal to 0.05. 
We used three methods to select sets of genes with a significant change in expression under 
Zn deficiency which reflected the accessions’ specific response to Zn deficiency of each A. 
thaliana accession used in this study. First we selected the ‘accessions specific Zn deficiency 
responsive genes’ based on transcripts which had a significant fold change (FC) in expression 
(p value < 0.05) under Zn deficiency in only one accession, organ and time point. Thus, 
some of the accession specific transcripts also appeared as significant in another accession 
considering the same organ but at a different time point. These transcripts were excluded 
from the accession specific lists of genes. Transcripts that were up- or down-regulated 
were analyzed separated. In the second method we selected the ‘accession specific core Zn 
deficiency responsive genes’ correspondent to transcripts present in the ‘accession specific 
Zn deficiency responsive genes’ set with a significant change in expression in both time 
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points studied (4 and 12 days). For this second set of genes we considered transcripts up- 
or down-regulated together. Finally, to identify accession specific sets of transcripts with 
a strong change in expression in response to the Zn deficiency treatment we performed a 
hierarchical clustering analysis using genes with significant change in expression between 
treatments in at least one of the A. thaliana accessions. Genes were partitioned into 30 
clusters based on their foldchanges using the kmeans function from amap package for R 
(http://www.r-project.org/). The kmeans clustering was performed using the euclidean 
distance measure. The hierarchical clustering analysis delineated associated gene groups 
with similar expression profiles in all accessions across the two studied time points in 
each organ. Clusters of genes showing the same expression response in each plant organ 
and strong differential regulation (Log
2
 FC>2.0) for only one accession were selected.
In order to obtain more information on the biological processes in which the genes 
regulating the accessions specific response to Zn deficiency may be involved we performed 
a gene ontology (GO) enrichment analysis for each gene set selected. The GO enrichment 
analysis was performed using the Biomaps software available from the Virtual Plant 
website (http://virtualplant.bio.nyu.edu/cgi-bin/vpweb/) (Katari et al., 2010), using the 
Fischer Exact Test with false discovery rate (FDR) correction and a p-value cutoff of 0.01.
 
3. Results and Discussion
3.1. Zn deficiency phenotypic characterization
In order to confirm the differences in Zn deficiency tolerance between the three A. thaliana 
accessions (Tsu-0, Col-0 and Pa-2) selected for the RNA sequencing analysis based on previous 
results shown in chapter 2 we performed a detailed phenotypic characterization of these 
accessions in response to Zn deficiency. After five weeks all accessions showed visible Zn 
deficiency symptoms in the shoot such as, leaf chlorosis, necrotic spots and curling (Figure 1).
As expected we found a significantly lower shoot dry weight (SDW) and lower Zn 
concentrations for the three A. thaliana accessions under Zn deficiency in comparison to 
Zn sufficiency (Table S2, Figure 2A and B). However, we found no significant differences 
between accessions for Zn concentration in either treatment. Accession Tsu-0 had a 
significant higher SDW than Pa-2 under Zn deficiency and Col-0 and Pa-2 under Zn 
sufficiency (Table S1 and S2, Figure 2A), but we found no significant difference between the 
accessions for change in SDW, Zn concentration or total Zn content in response to the Zn 
deficiency treatment (Table S3, Figure 2C, D and E). The accession Tsu-0 had a significantly 
higher ZnUI under Zn deficiency in comparison to Col-0 and Pa-2, which indicates that 
under Zn deficiency Tsu-0 is able to produce a larger amount of shoot biomass per unit 
of Zn concentration (Tables S1 and S2, Figure 2F) similarly to our findings in chapter 2.
The largest differences between the accessions were observed when examining roots. 
Similar to shoots, all accessions had a significantly lower Zn concentration in roots under 
Zn deficiency in comparison to sufficient Zn (Tables S1 and S2, Figure 3B) and showed no 
significant difference between accessions for root Zn concentration under Zn deficiency 
(Table S1, Figure 3B). On the other hand, the Zn concentration of Pa-2 roots under Zn 
sufficiency was significantly lower in comparison to Tsu-0 and Col-0 (Table S1, Figure 
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A                          Control B                  Zn Deficiency 
Pa-2 Tsu-0 Col-0 Pa-2 Tsu-0 Col-0 
sensitive tolerant intermediate sensitive tolerant intermediate 
  
4 weeks 4 weeks 
  
5 weeks 5 weeks 
Figure 1: Representative example of plants grown for 4 and 5 weeks in hydroponic solution 
under Zn sufficiency (2 µM ZnSO4) (A) and Zn deficiency (0.05 µM ZnSO4) (B) conditions. 
The two first columns correspond to Pa-2, columns 3 and 4 to Tsu-0 and columns 5 and 6 to 
Col-0. 
Figure 1: Representative example of plants grown for 4 and 5 weeks in hydroponic solution 
under Zn sufficiency (2 µM ZnSO4) (A) and Zn deficiency (0.05 µM ZnSO4) (B) conditions. 
The two first columns correspond to Pa-2, columns 3 and 4 to Tsu-0 and columns 5 and 6 to 
Col-0.
3B), thought this only had a marginal effect on RDW. In addition, Pa-2 had a significantly 
smaller decrease in root Zn concentration than Col-0 and Tsu-0 (Table S3, Figure 3D). This 
means that Pa-2 needs less Zn in roots under Zn sufficient conditions, but resembles Tsu-
0 under Zn deficient conditions. Col-0, on the other hand, appears to be very tolerant to 
Zn deficiency in terms of change in RDW (Figure 3C, Tables S1 and S3). This investment in 
root system growth can be an attractive trait under Zn deficiency, as it will allow Col-0 to 
scavenge more Zn under Zn depletion and potentially be able to maintain growth. The root 
ZnUI under Zn deficiency was consequently also highest for Col-0, though the differences 
between the accessions were not statistically significant (Figure 3F; Table S1 and S2).
Knowing shoot and root traits, we analysed the allocation of biomass in these plants under Zn 
deficient and sufficient conditions (Figure 4, Table S2). This shows that Col-0 and Pa-2 invested 
more in root growth under Zn deficiency than Zn sufficiency and that this investment was 
also higher compared to Tsu-0, with a significantly higher root/shoot ratio. However, while 
Col-0 had a very small decrease in root biomass under Zn deficiency, Pa-2 still showed a 40% 
decrease in root biomass. This may indicate that in order to have a larger root system under 
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Figure 2: Shoot traits of the three A. thaliana accessions grown hydroponically for 5 weeks 
under control (Zn sufficiency - 2 µM ZnSO4) and Zn deficiency (0.05 µM ZnSO4) conditions. 
Shoot dry weight (A); Zn concentration (B); and the changes in SDW (C); Zn concentration 
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Figure 2: Shoot traits of the three A. thaliana accessions grown hydroponically for 5 weeks 
under control (Zn sufficiency - 2 µM ZnSO4) d Zn deficiency (0.05 µM ZnSO4) conditions. 
Shoot dry weight (A); Zn concentration (B); and the change in SDW (C); Zn concentration 
(D); and total Zn content (E) under Zn deficiency relative to the Zn sufficiency treatment 
were determined as well as the shoot Zn usage index (g2.µg-1) (F). Data represent the mean 
of twelve biological replicates per genotype ± standard error of the mean (SE). Lower 
case letters indicate statistically different groups using one-way or two-way ANOVA with 
groupings by Tukey’s HSD and a 95% confidence interval.
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Figure 3: Root traits of the three A. thaliana accessions grown hydroponically for 5 weeks 
under control (Zn sufficiency - 2 µM ZnSO4) and Zn deficiency (0.05 µM ZnSO4) conditions. 
Root dry weight (A); Zn concentration (B); and the changes in RDW (C); Zn concentration 
(D); and total Zn content (E) under Zn deficiency relative to the Zn sufficiency treatment were 
determined, as well as the root Zn usage index (g2.µg-1) (F). Data represent the mean of 
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Figure 3: Root traits of the three A. thaliana accessions grown hydroponically for 5 weeks 
under control (Zn sufficiency - 2 µM ZnSO4) and Zn deficiency (0.05 µM ZnSO4) conditions. 
Root dry weight (A); Zn concentration (B); and the change in RDW (C); Zn concentration 
(D); and total Zn content (E) under Zn deficiency relative to the Zn sufficiency treatment 
were determined, as well as the root Zn usage index (g2.µg-1) (F). Data represent the mean 
of twelve bi logical replicates per genotype ± SE. Lower case l tters indicate statistically 
different groups using one-way or two-way ANOVA with groupings by Tukey’s HSD and a 
95% confidence interval.
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Zn deficiency Pa-2 reduces its shoot growth much more than Col-0. In support to this, Pa-2 
had the strongest decrease in SDW in response to the Zn deficiency treatment in comparison 
to Tsu-0 and Col-0. On the other hand, the accession Tsu-0 had a similar root/shoot ratio 
under both Zn deficiency and sufficiency conditions. This indicates that Tsu-0 is able to 
maintain the balance of root and shoot growth even when exposed to low Zn conditions. The 
differences in shoot and root biomass reduction observed between the three accessions in 
response to the Zn deficiency treatment may reflect differences in their capacity of tolerating 
the side-effects of the Zn deficiency treatment, such as oxidative stress (Cakmak, 2000).
3.2. Ionome profiling in response to Zn deficiency
With the purpose of identifying changes in other element concentrations as a result of 
the Zn deficiency treatment or differences in element concentrations between the three 
A. thaliana accessions we determined the shoot and root ionome profile of plants grown 
under Zn deficiency and sufficiency conditions (Figures 5 and 6). For shoots we found a 
significant effect of the Zn deficiency treatment on the concentrations of Mg, P, S, Mn, Fe 
(increased), Na, K, Cu and Zn (decreased) (Table S4). In roots we observed a significant effect 
of the Zn deficiency treatment on the concentrations of Mg, P, Fe, Cu, Zn and S (Table S5).
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Figure 4: Biomass portioning in the three A. thaliana accessions based on the root/shoot 
biomass ratio under Zn deficiency and Zn sufficiency conditions. Data represent the mean of 
twelve biological replicates per genotype ± SE. Lower case letters indicate statistically 
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Figure 4: Biomass portioning in the three A. thaliana accessions based on the root/shoot 
biomass ratio under Zn deficiency and Zn sufficiency conditions. Data represent the mean 
of twelve biological replicates per genotype ± SE. Lower case letters indicate statistically 
different groups using one-way or two-way ANOVA with groupings by Tukey’s HSD and a 
95% confidence interval.
Our results also indicate that the three A. thaliana accessions seem to adopt different 
strategies to balance their ionome when exposed to Zn deficiency which may contribute 
to or result from the differences in Zn deficiency tolerance observed between them. 
For example, Tsu-0 shoots had a higher tolerance to Zn deficiency and showed the least 
ionomic changes in response to the Zn deficiency treatment in comparion to Col-0 and 
Pa-2 (Figure 5, Table S4). In addition, Col-0 had the smallest decrease in root biomass 
and fewer elements showing significant change in concentration in roots in response 
to the Zn deficiency treatment when compared to Tsu-0 and Pa-2 (Figure 6, Table S5). 
Thus, it looks like that the higher tolerance to Zn deficiency observed in shoots of Tsu-
0 and roots of Col-0 is related to their inomic stability in these organs when exposed to 
Zn deficiency. However, the same was not observed for the accession Pa-2 which had an 
intermediate number of elements with significant change in concentration in response to 
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Zn deficiency in both shoots and roots. Pa-2 had a stronger decrease in shoot biomass and 
an intermediate decrease in root biomass under low Zn in comparison to Col-0 and Tsu-0.
3.3. RNA Sequencing
To understand more of the physiological processes underlying the differences in phenotype 
between the three A. thaliana accessions in response to the Zn deficiency treatment we 
performed a transcriptome analysis using RNA sequencing. For this experiment we used 
roots and shoots of plants harvested at two time points after exposure to Zn deficiency 
aiming to identify organ and time point accession specific changes at the whole genome 
transcriptional level. We found in total 15,831 transcripts with a significant difference in 
expression level between the Zn deficiency and sufficiency treatments; 8,564 in shoots 
and 7,267 in roots. As our focus was to identify accession specific genes we selected 
transcripts significantly up- and down-regulated in response to Zn deficiency in only one 
accession for each tissue and time point. In order to obtain a more strict selection of 
accessions’ specific genes we excluded some of the accession specific transcripts which 
were significantly up or down-regulated in the same plant organ in another accession at 
a different time point. Figure 7 shows the Venn diagrams with the number of accession 
specific genes used in this study which were up- and down-regulated for each accession, 
organ and time point. The complete lists with the accession specific genes are shown 
in the supplementary tables S6, S8, S10, S12, S14, S16, S18, S20, S22 and S24 for the 
accession Col-0; S25, S27, S29, S31, S33, S34, S36, S37, S39, and S41 for the accession 
Tsu-0; S43, S44, S45, S47, S49, S50, S52, S54, S56 and S58 for the accession Pa-2. Because 
these supplementary tables were very long we did not include them in the end of this 
chapter but they are available online in the link specific at the supplemental data section.
3.4. Accession specific Zn deficiency responsive transcripts affecting common biological 
processes
With the purpose of identifying biological processes controlled by the accession specific 
transcripts we performed a GO enrichment analysis for each accession specific set of genes 
(Supplementary tables S7, S9, S11, S13, S15, S17, S19, S21 and S23 for Col-0; S26, S28, S30, 
S32, S35, S38, S40 and S42 for Tsu-0; S46, S48, S51, S53, S55 and S57 for Pa-2). This showed 
that some biological processes were overrepresented in more than one accession specific 
set of transcripts. Thus, suggesting that after exposure to Zn deficiency the three A. thaliana 
accessions responded with physiologically similar processes, but each accession appears 
to use different genes to obtain the required effect. In addition, we observed differences 
in the direction of regulation of these transcripts involved in the alike biological processes 
between the accessions. Finally, we also found that some of the biological processes 
which we described in chapter 4 as being part of the general response of A. thaliana to 
Zn deficiency were also overrepresented in the accession specific sets of transcripts. This 
indicates that the regulation of some biological processes will occur through transcripts 
which are common between the accessions and additional transcripts which are accession 
specific also play a role. This overrepresentation of accession specific transcripts in more 
than one accession was found for the following biological process: stress and defence 
response, hormone signalling, carbohydrate metabolism and programmed cell death. 
Each of these biological processes will be described in more detail and discussed later.
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Figure 5: Shoot element concentrations measured in the three A. thaliana accessions (Col-0, 
Tsu-0 and Pa-2) after 5 weeks of growth in hydroponics under Zn deficiency (0.05 µM ZnSO4) 
and control (Zn sufficiency - 2 µM ZnSO4) treatments. Data represent the mean of twelve 
biological replicates per genotype ± SE. Lower case letters indicate statistically different 
groups using one-way ANOVA with groupings by Tukey’s HSD using a 95% confidence 
interval.  
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Figure 5: Shoot element concentrations measured in the three A. thaliana accessions (Col-
0, s -   - ) ft r  eeks of growth in hydroponics under Zn deficiency ( .05 µM 
ZnSO4) and control (Zn sufficiency - 2 µM ZnSO4) treatments. Data represent the mean of 
twelve biological replicates per genotype ± standard error of the mean. Lower case letters 
indicate st tistically different grou s using one-way ANOVA with groupings by Tukey’s HSD 
using a 95% confidence interval.
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Figure 6: Root element concentrations measured in the three A. thaliana accessions (Col-0, 
Tsu-0 and Pa-2) after 5 weeks of growth in hydroponics under Zn deficiency (0.05 µM 
ZnSO4) and control (Zn sufficiency - 2 µM ZnSO4) treatments. Data represent the mean of 
twelve biological replicates per genotype ± SE. Lower case letters indicate statistically 
different groups using one-way ANOVA with groupings by Tukey’s HSD using a 95% 
confidence interval.  
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Figure 6: Root element concentrations measured in the three A. thaliana accessions (Col-
0, Tsu-0 and Pa-2) after 5 weeks of growth in hydroponics under Zn deficiency (0.05 µM 
ZnSO4) and control (Zn sufficiency - 2 µM ZnSO4) treatments. Data represent the mean of 
twelve biological replicates per genotype ± standard error of the mean. Lower case letters 
indicate statistically different groups using one-way ANOVA with groupings by Tukey’s HSD 
using a 95% confidence interval.
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3.4.1. Defensin and defensin-like genes
In this study we observed that the differential regulation of different members of the 
defensin and defensin-like gene families may be related to differences in Zn deficiency 
tolerance between the studied accessions. We found several members of the defensin 
and defensin-like gene families which showed an accession specific response to Zn 
deficiency (Table 1). Col-0 showed high tolerance to Zn deficiency in both roots and shoots 
and was able to induce changes in a larger number of transcripts involved in defence 
response and defensin and defensin-like genes in both roots and shoots when exposed 
to Zn deficiency in comparison to Tsu-0 and Pa-2. The defensin and defensin-like genes 
encode highly basic cysteine-rich peptides known to play a role in several biological 
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Figure 7: Venn diagrams showing the intersections between time points (4 and 12 days) of 
the accession specific transcripts with significant change in expression in response to Zn 
deficiency in the three A. thaliana accessions (Col-0, Tsu-0, and Pa-2) in shoots and roots. 
Up-regulated transcripts are indicated with  and down-regulated transcripts are indicated 
with . 
 
Accession specific Zn deficiency responsive transcripts affecting common biological 
processes 
 
With the purpose of identifying biological processes controlled by the accession specific 
transcr pts we performed a GO enric ment analysis for each accessio  specific set of genes 
(Supplementary tables S7, S9, S11, S13, S15, S17, S19, S21 and S23 for Col-0; S26, S28, 
S30, S32, S35, S38, S40 and S42 for Tsu-0; S46, S48, S51, S53, S55  S57 for Pa-2). This 
showed that some biological processes were overrepresented in more than one accession 
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roots. Up-regulated transcripts are indicated with ↑ and down-regulated transcr pts ar  
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processes, including mediating abiotic and biotic stress responses in plants (Thomma 
et al., 2002;Silverstein et al., 2005;de Oliveira Carvalho and Moreira Gomes, 2011;De 
Coninck et al., 2013). Among the defensin and defensin-like genes we found in Col-0 were 
a defensin-like gene of unknown function (AT3G59930) and the defensin genes PDF1.1 in 
roots and PDF1.2c in shoots (Table 1). In line with our results van de Mortel et al. (2006) 
also reported changes in expression of the defensin genes PDF1.1 and PDF1.2c in roots 
of A. thaliana Col-0 plants exposed to Zn deficiency. Furthermore, PDF1.2c has also 
been shown to be induced in plants exposed to potassium starvation (Armengaud et al., 
2004). In the accessions Tsu-0 and Pa-2 the defensin and defensin-like genes were not as 
strongly up or down-regulated as in Col-0. Previously in chapter 4 of this thesis we also 
showed the strong up-regulation of defensin-like genes in all three A. thaliana accessions.
The accession specific regulation of defensin and defensin-like genes in A. thaliana 
accessions may indicate their involvement in the response to the Zn deficiency stress. 
Previous studies have demonstrated that defensin and defensin-like genes play a role in 
plants response to abiotic stresses, such as high Zn (Mirouze et al., 2006;van de Mortel 
et al., 2006). Further evidence of the defensin-like genes role in the regulation of metal 
ions homeostasis was shown in mammals which have their Fe metabolism regulated by 
defensin-like proteins (Tsuchiya and Nitta, 2013). Another possible explanation is that the 
increased susceptibility to pathogens infection in plants exposed to Zn deficiency may 
have induced changes in the transcription of defensin and defensin-like genes. Studies 
in plants and mammals indicate that under Zn deficiency organisms show an increased 
susceptibility to pathogen infection (Marschner, 1995;Cuevas and Koyanagi, 2005;McDevitt 
et al., 2011). In addition, defensin and defensi-like genes were also shown to play a role 
in plants higher tolerance to pathogens (Manners et al., 1998;De Coninck et al., 2010). 
However, the mechanisms involved in the cross-talk between low and high Zn and 
defensing and defensing-like genes are not yet known and further studies are needed.
3.4.2. Stress and defence response
Among the stress and defence response processes overrepresented in more than one 
accession were GO terms like: defence response, innate immune system response, abiotic 
and biotic stimulus (Tables S9, S11, S13, S19, S21, S32, S35, S40 and S48). The differential 
regulation of defence response genes under Zn deficiency may be an indirect effect of 
processes induced under abiotic stress which share features with the biotic stress response 
pathway. Among these processes are: the formation of ROS, regulation of protein kinases 
and hormone mediated responses (Cheng et al., 2002;Cheong et al., 2002;Fujita et al., 
2004;Poschenrieder et al., 2006;Chmielowska et al., 2010;Hoerger et al., 2013). In support 
to this hypothesis Horger et al. (2013) proposed a possible mechanism of cross-talk 
between the plant defence and metal hyperaccumulation through the formation of ROS. 
Both changes in metal ion concentration and pathogen infection induce the formation of 
ROS. As a result plants induce the activation of defense genes and cell wall lignification 
to inhibit pathogen infection and produce ROS scavengers to reduce cell injury caused 
by the oxidative stress. The induction of lignin metabolism genes was shown by van de 
Mortel et al. (2008) in roots of A. thaliana plants exposed to high Cd concentrations.
144
N
am
e
Lo
cu
s
Co
l-0
Ts
u-
0
Pa
-2
A
nn
ot
ati
on
Ro
ot
 4
 
da
ys
-Z
n
+Z
n
FC
-Z
n
+Z
n
FC
-Z
n
+Z
n
FC
-
AT
4G
22
21
4
24
.5
40
18
.1
25
1.
35
4*
8.
59
8
5.
44
5
1.
57
9
1.
50
4
2.
02
2
-1
.3
44
D
ef
en
si
n-
lik
e 
(D
EF
L)
 fa
m
ily
 p
ro
te
in
PD
F2
.5
AT
5G
63
66
0
30
1.
44
2
49
1.
28
1
-1
.6
30
**
45
6.
85
7
49
3.
79
4
-1
.0
81
31
5.
53
0
39
1.
11
0
-1
.2
40
LC
R7
4,
 P
D
F2
.5
, S
co
rp
io
n 
to
xi
n-
lik
e 
kn
otti
n 
su
pe
rf
am
ily
 p
ro
te
in
.
PD
F2
.2
AT
2G
02
10
0
14
2.
48
9
13
6.
78
5
1.
04
2
23
4.
44
9
29
4.
52
7
-1
.2
56
*
46
2.
98
1
51
9.
72
4
-1
.1
23
LC
R6
9,
 P
D
F2
.2
, l
ow
-m
ol
ec
ul
ar
-w
ei
gh
t 
cy
st
ei
ne
-r
ic
h 
69
.
-
AT
4G
22
23
0
40
.2
02
25
.7
20
1.
56
3
36
.3
65
25
.6
75
1.
41
6
16
8.
00
4
11
2.
11
4
1.
49
9*
*
A
ra
bi
do
ps
is
 d
ef
en
si
n-
lik
e 
pr
ot
ei
n.
Ro
ot
 1
2 
da
ys -
AT
4G
22
23
0
40
.6
56
30
.0
76
1.
35
2
69
.6
14
90
.0
27
-1
.2
93
10
5.
59
9
19
3.
96
3
-1
.8
37
*
A
ra
bi
do
ps
is
 d
ef
en
si
n-
lik
e 
pr
ot
ei
n.
-
AT
3G
59
93
0
12
,6
00
.6
39
.3
08
32
0.
56
4*
*
0.
00
0
23
.7
70
-1
.0
00
0.
00
0
13
4.
31
1
-1
.0
00
En
co
de
s 
a 
de
fe
ns
in
-li
ke
 (D
EF
L)
 fa
m
ily
 
pr
ot
ei
n.
PD
F1
.1
AT
1G
75
83
0
3.
76
5
12
.8
36
-3
.4
09
**
3.
58
8
2.
40
7
0.
67
1
1.
41
9
0.
05
6
0.
04
0
LC
R6
7,
 P
D
F1
.1
, l
ow
-m
ol
ec
ul
ar
-w
ei
gh
t 
cy
st
ei
ne
-r
ic
h 
67
.
Sh
oo
t 4
 
da
ys
PD
F1
.2
c
AT
5G
44
43
0
5.
45
8
0.
26
4
20
.6
86
**
5.
01
4
1.
67
6
2.
99
2
1.
55
3
1.
22
5
1.
26
8
PD
F1
.2
c,
 p
la
nt
 d
ef
en
si
n 
1.
2C
.
-
AT
1G
13
60
9
2.
22
3
47
.1
52
-2
1.
21
0*
*
0.
04
8
2.
73
6
-5
7.
44
9
0.
06
5
5.
17
6
-8
0.
23
2
D
ef
en
si
n-
lik
e 
(D
EF
L)
 fa
m
ily
 p
ro
te
in
.
-
AT
3G
05
73
0
13
5.
98
9
15
0.
20
2
-1
.1
05
85
.6
75
89
.9
26
-1
.0
50
17
5.
95
6
28
4.
28
6
-1
.6
16
**
En
co
de
s 
a 
de
fe
ns
in
-li
ke
 (D
EF
L)
 fa
m
ily
 
pr
ot
ei
n.
Sh
oo
t 1
2 
da
ys
PD
F1
.2
a
AT
5G
44
42
0
45
.0
31
34
.0
54
1.
32
2
10
8.
37
1
71
.6
29
1.
51
3*
*
27
.7
34
9.
20
6
3.
01
3
PD
F1
.2
, P
D
F1
.2
A
, L
CR
77
 |
 p
la
nt
 d
ef
en
si
n 
1.
2.
Ta
bl
e 
1:
 A
cc
es
si
on
 s
pe
ci
fic
 d
ef
en
si
n 
an
d 
de
fe
ns
in
-li
ke
 g
en
es
 u
p 
an
d 
do
w
n-
re
gu
la
te
d 
(n
eg
ati
ve
 v
al
ue
s)
 in
 r
oo
ts
 a
nd
 s
ho
ot
s 
aft
er
 4
 a
nd
 1
2 
da
ys
 o
f e
xp
os
ur
e 
to
 Z
n 
de
fic
ie
nc
y.
 A
bs
ol
ut
e 
va
lu
es
 o
f g
en
e 
ex
pr
es
si
on
 u
nd
er
 Z
n 
de
fic
ie
nc
y 
(-
Zn
) a
nd
 s
uffi
ci
en
cy
 (+
Zn
) c
on
di
ti
on
s 
an
d 
th
e 
fo
ld
 
ch
an
ge
 (F
C)
 in
 e
xp
re
ss
io
n 
be
tw
ee
n 
th
e 
tr
ea
tm
en
ts
 a
re
 s
ho
w
n 
fo
r 
th
e 
th
re
e 
A
. t
ha
lia
na
 a
cc
es
si
on
s.
 S
ig
ni
fic
an
t 
FC
 in
 e
xp
re
ss
io
n 
ar
e 
m
ar
ke
d 
in
 
gr
ey
, P
 v
al
ue
s 
ar
e 
in
di
ca
te
d 
as
 fo
llo
w
s:
 *
 =
 P
 <
 0
.0
5;
 *
* 
= 
P 
< 
0.
01
.
145
3.4.3. Hormone signalling
The accession specific genes sets of Col-0 and Tsu-0 showed an over-representation of 
transcripts involved in hormone stimulus and signalling, but in different organs. Changes in 
the concentrations of phytohormones such as abscissic acid (ABA), jasmonic acid (JA), salicylic 
acid (SA) and ethylene have a signalling role in plant responses to abiotic and biotic stresses 
(Fujita et al., 2006). In Col-0 transcripts involved in cellular response to ABA were up-regulated 
and transcripts involved in cellular response to SA were down-regulated in roots after 4 days 
exposure to Zn deficiency (Table S7 and S9). While, Tsu-0 up-regulated transcripts involved 
in cellular response to indole-butyric acid (IBA) in shoots after 4 days and SA after 4 and 12 
days (Table S35 and S38). In addition, we found that transcripts involved in the JA response 
were regulated in an opposite way in Tsu-0 shoots after 4 and 12 days (Tables S35 and 
S40). The signalling pathways mediated by JA and ABA are normally strongly induced when 
plants face both biotic and abiotic stress conditions (Penninckx et al., 1998;Anderson et al., 
2004;Freeman et al., 2005;Maksymiec et al., 2005;Santino et al., 2013). The hormone SA is 
also known to mediate plant defence and stress responses and induction of leaf senescence 
(Raskin, 1992;Vlot et al., 2009;Zhang et al., 2013). Contrary to Col-0 and Tsu-0, we did not 
observe an overrepresentation of genes involved in hormone signalling in Pa-2. The differential 
regulation of transcripts involved in SA, JA and ABA cellular response in both Col-0 and Tsu-0 
is in line with our previous results showing a large number of transcripts involved in defense 
response being up- or down-regulated in these two accessions in response to Zn deficiency.
The plant growth hormone auxin is associated with lateral root formation and axillary 
branching (Potters et al., 2009). Col-0 showed an overrepresentation of transcripts involved 
in the biosynthesis of indole-containing compounds, which are part of the auxin structure, 
up-regulated in shoots after 12 days exposure to Zn deficiency (Table S21). In shoots of the 
accessions Tsu-0 and Pa-2 we found transcripts involved in auxin transport up-regulated after 
4 days exposure to Zn deficiency (Table S35 and S51). On the other hand, in the accession Pa-2 
transcripts involved in cellular response to auxin were down-regulated in shoots after 12 days 
under Zn deficiency (Table S57). Auxin is synthesized in the apical meristem being transported 
to the root where it plays an important role in root growth and development and formation 
of lateral roots (Ljung et al., 2001;Rahman et al., 2007;Péret et al., 2009;Overvoorde et al., 
2010). The induction of genes involved in auxin biosynthesis by Col-0 under Zn deficiency 
is in accordance with the small decrease in root growth in this accession in response to Zn 
deficiency in comparison to Tsu-0 and Pa-2 (Figure 3). In addition, Tsu-0 and Pa-2, which 
had a strong decrease in root growth under Zn deficiency, seem to induce auxin transport 
related genes but not invest in auxin biosynthesis as Col-0. Hence, these findings indicate 
that differences in root growth between the accessions under Zn deficiency may be linked 
to the differential regulation of transcripts involved in auxin biosynthesis and transport.
3.4.4. Carbohydrate metabolism
The difference in maintenance of carbohydrate biosynthesis and sink/source mobilization 
of resources under Zn deficiency may be underlying the differential regulation of root 
and shoot growth observed when comparing the three A. thaliana accessions. In shoots 
of Tsu-0 transcripts involved in biosynthesis of cell wall components and carbohydrate 
metabolism were up-regulated after 4 days exposure to Zn deficiency (Table S35). On 
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the other hand, in Col-0 transcripts involved in cellular carbohydrate biosynthesis were 
down-regulated in shoots after 4 days and in roots after 12 days (Table S19 and S13). 
The later down-regulation of these transcripts in Col-0 roots may be related with its 
preferential investiment in root growth over shoot under Zn deficiency (Figure 4). Also, 
the accession Pa-2 had transcripts involved in cellular carbohydrate catabolism up-
regulated in shoots after 4 days exposure to Zn deficiency (Table S51). The differential 
allocation of carbohydrates between shoot and root has been previously observed in 
plants exposed to other nutrient deficiencies such as P and N (Hermans et al., 2006).
In the accessions Tsu-0 and Pa-2 transcripts involved in response to carbohydrate 
stimulus were down-regulated. Tsu-0 down-regulated these transcripts in roots and 
shoots after 12 days of exposure to Zn deficiency (Table S32) and Col-0 in roots at both 
time points (Table S9 and S13). Carbohydrates are known to play a role as signalling 
molecules under abiotic and biotic stress conditions (Rosa et al., 2009;Ahmad et al., 
2012;Morkunas and Ratajczak, 2014;Tauzin and Giardina, 2014). Hence, the down-
regulation of transcripts involved in response to carbohydrate in Tsu-0 and Col-0 
after 12 days may be related to the signalling role of sugars under stress conditions.
Accessions also contrasted for the regulation of genes involved in glucosinolate metabolism. 
Glucosinolates are secondary metabolites in plants, which act as insect deterrents and are 
involved in the defence response against herbivores (Bednarek et al., 2009). In roots of Col-0 
after 12 days transcripts involved in glucosinolate metabolism were up-regulated, while in 
shoots transcripts involved in glucosinolates biosynthesis were down-regulated (Table S11 and 
S23). Similarly, Pa-2 induced the degradation of glucosinolates by up-regulating transcripts 
involved in glucosinolates catabolism in shoots after 4 days exposure to Zn deficiency (Table 
S53). On the other hand, in Tsu-0 roots after 12 days transcripts involved in glucosinolates 
biosynthesis were up-regulated (Table S30). These results indicate that when experiencing 
Zn deficiency Tsu-0 induces the biosynthesis of glucosinolates, while the accessions Col-
0 and Pa-2 invest on its degradation and biosynthesis inhibition. The general response of 
A. thaliana to Zn deficiency, as described in chapter 4, also showed the up-regulation of 
transcripts involved in indole-glucosinolates catabolism and down-regulation of transcripts 
involved in glucosinolates biosynthesis in roots after 4 days of exposure to Zn deficiency. 
Indole-glucosinolates and the auxin indol-3-acetic acid (IAA) are both derived from the same 
compound, tryptophan, which indicates that glucosinolates metabolism and plant growth are 
integrated and may explain the differential regulation of these genes in the three A. thaliana 
accessions when exposed to Zn deficient conditions (Grubb and Abel, 2006). Other studies 
have shown that indole-glucosinolates biosynthesis is induced in plants shoots and roots in 
response to the hormones JA and SA (van Dam et al., 2009). In addition, roots were shown 
to have in general a larger variety and higher concentrations of glucosinolates than shoots.
3.4.5. Programmed cell death
We observed an overrepresentation of transcripts involved in programmed cell death in 
more than one accession specific set of genes. Plants induce programmed cell death as a 
defence response against pathogens or in response to the formation of toxic compounds 
such as ROS under stress conditions (Reinbothe et al., 2009;Coll et al., 2011). In shoots of 
the accession Tsu-0 transcripts involved in aging and cell death were up-regulated after 4 
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days and transcripts involved in programmed cell death after 12 days (Table S35 and S38). In 
Col-0 shoots transcripts involved in programmed cell death were also up-regulated after 12 
days (Table S21). On the other hand, in Col-0 roots transcripts involved in apoptotic process 
were down-regulated after 12 days exposure to Zn deficiency (Table S13). The up-regulation 
of transcripts involved in programmed cell death in Tsu-0 and Col-0 shoots may reflect a 
response in these accessions to the high levels of ROS known to be formed under Zn deficiency 
(Cakmak, 2000). In support of this, we observed the up-regulation of transcripts involved in 
response to oxidative stress in shoots of the accessionTsu-0 after 4 days (Table S35). Also, in 
roots of Pa-2, transcripts involved in oxido-reductase activity were up-regulated after 4 days 
(Table S43). Catalase, superoxide dismutase and glutathione peroxidese are examples of 
oxidoreductase enzymes which play a role both in the scavenging and formation of ROS (Ngoka, 
2008). In contrast to Tsu-0 and Pa-2, Col-0 down-regulated transcripts involved in response 
to hydrogen peroxide in roots after 12 days (Table S13). These findings may indicate that Col-
0 roots have a higher tolerance to the ROS formed under Zn deficiency also demonstrated 
by its small decrease in root biomass under Zn deficiency in comparison to Tsu-0 and Pa-2.
3.5. Accession specific Zn deficiency responsive transcripts affecting different biological 
processes
3.5.1. Col-0 specific transcripts
The Col-0 specific set of genes up-regulated in roots after 12 days exposure to Zn deficiency 
showed an overrepresentation of transcripts involved in inorganic anion transport and 
cellular ion and cation homeostasis (Table S11). Among these transcripts we found four 
genes encoding metal chelating proteins (Table 2). FER1 and 4 encode ferritins which can 
bind Fe ions when present in excess, thus regulating its levels in the plant cytoplasm and 
protecting the cells against oxidative stress (Petit et al., 2001;Ravet et al., 2009;Tarantino et 
al., 2010). MT3 encodes a metallothionein protein able to bind copper and other metals when 
in excess, thus limiting oxidative damage (Guo et al., 2008) and FP3 encodes a farnesylated 
protein able to chelate Zn2+, Ni2+ and Cu2+ (Dykema et al., 1999). The up-regulation of these 
transcripts in Col-0 roots may reflect its better ability of dealing with the high levels of Fe 
and other metals which are taken up together with Zn by low specificity Zn transporters 
such as IRT3 (Lin et al., 2009;Shanmugam et al., 2013). Both Col-0 and Tsu-0 indeed 
showed a significant increase in the shoot Fe concentration under Zn deficiency (Figure 5). 
Similarly, other studies have also described the cross-talk between Zn and Fe homeostasis 
demonstrating that Fe levels increase in shoots of plants exposed to Zn deficiency and 
the other way around (van de Mortel et al., 2006;Baxter et al., 2008b;Shanmugam et al., 
2011;Gruber et al., 2013). Hence, these findings indicate that a more efficient system to deal 
with the high level of free metals in the cytoplasm and avoid oxidative stress in Col-0 roots 
may be related to its its small reduction in root biomass under Zn deficiency conditions.
We also found transcripts encoding inorganic anion transporters up-regulated in roots of 
the accession Col-0 after 12 days of exposure to Zn deficiency (Table S10). Among them 
were two sulphate and two phosphate transporters: SULTR2;1; SULTR4;1; PHO1;H1 
and PHT2;1 (Table 2) previously shown to be induced under low sulphur and phosphate 
concentrations, respectively (Daram et al., 1999;Stefanovic et al., 2007;Kawashima et 
al., 2009;Zuber et al., 2010). Other studies have shown the interaction between Zn and 
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phosphate demonstrating that under conditions of low Zn plants induce the expression of 
phosphate transporters which results in higher P concentrations (Huang et al., 2000;Li et 
al., 2003;Jain et al., 2013;Khan et al., 2014). The observed up-regulation of these phosphate 
transporters in the accession Col-0 is in accordance with the non-significant difference in 
root P concentration observed between the Zn treatments only in this accession (Figure S2).
Furthermore, our findings indicate that in the accession Col-0 protein kinases play an 
important role in separating the transcriptional regulation of the Zn deficiency stress and 
defence response. Transcripts involved in protein phosphorylation encoding different 
classes of protein kinases were overrepresented among the Col-0 specific genes in both 
roots and shoots. In roots these transcripts were up-regulated after 4 days and down-
regulated after 12 days, while in shoots they showed the opposite behaviour (Table S7, 
S13, S19 and S21). Two protein kinases involved in defence response to pathogen were 
down-regulated in Col-0 roots after 12 days of exposure to Zn deficiency (Table 2). The gene 
LecRK-V.5 which encodes a lectin receptor kinase demonstrated to inhibit the pathogen 
induced stomata closure (Arnaud et al., 2012;Desclos-Theveniau et al., 2012) and the gene 
BIK1 which encodes a serine/threonine kinase part of the pathogen membrane receptor 
signalling (Lin et al., 2014). In addition, the gene OXI1 was down-regulated in Col-0 roots 
and shoots after 12 days of exposure to Zn deficiency (Table 2, S19 and S23). OXI1 encodes 
a serine/threonine kinase involved in the response to oxidative stress (Rentel et al., 2004) 
and pathogen defence (Petersen et al., 2009). On the other hand, protein kinases up-
regulated in shoots of Col-0 after 4 days and down-regulated after 12 days of exposure to 
low Zn were involved in plants response to abiotic and biotic stress (Tables S17 and S23). 
These results show that Col-0 down-regulates protein kinases mainly involved in defence 
response and indicate that the modes of signal transduction in this accession seems to be 
highly stress specific. For example, several protein kinases were already shown to mediate 
the ROS signalling pathway in plants exposed to abiotic and biotic stress through different 
signalling pathways (Mittler et al., 2004;Poschenrieder et al., 2006;Rasmussen et al., 2012). 
Thus, the specificity of the Zn deficiency stress and defence response signalling pathways in 
Col-0 may be associated with its high tolerance to Zn deficiency in both roots and shoots.
Among the Col-0 specific transcripts up-regulated in roots after 4 days under Zn deficient 
conditions we found the cell wall associated protein kinase WAKL4 (Table S6). Hou et al. 
(2005) demonstrated that WAKL4 is involved in mineral responses to Zn, Cu, K, Na and 
Ni in roots of A. thaliana plants which may indicate its involvement in the down-stream 
signalling of Zn deficiency at the root level. These authors also described that WAKL4 
is necessary for the up-regulation of Zn transporters under Zn deficiency proposing 
its role as a physical linker that signal between the cell wall and the cytoplasmic 
compartment. In plants several stress signalling pathways are mediated through protein 
kinases which can phosphorylate and de-phosphorylate other proteins resulting in the 
propagation or regulation of a signal (Fujita et al., 2006;Pareek et al., 2010). However, 
Tsu-0 and Pa-2 did not show a significant increase in the expression level of WAKL4 
under low Zn. These findings indicate that WAKL4 may play a role in the Zn homeostasis 
regulatory network and accessions show natural variation for its expression level.
Surprisingly we also found that Col-0 induces changes in the regulation of gene expression 
by down-regulating genes which encode histone proteins. Col-0 specific transcripts down-
149
regulated in roots after 4 days exposure to Zn deficiency had an overrepresentation of 
genes involved in chromatin organization and protein-DNA complex assembly (Table S9). 
Among these transcripts were three members of the histone superfamily of proteins (Table 
2). The gene H3.1 encodes a histone protein enriched in repetitive pericentromeric and 
silent chromatin previously shown to regulate heterochromatin condensation (Stroud et 
al., 2012;Vaquero-Sedas and Vega-Palas, 2013;Jacob et al., 2014). The histone protein H4 
which has key role in the regulation of gene expression during plant acclimation and higher 
tolerance to cold stress (Zhu et al., 2008). The gene FKBP53 encoding an immunophilin 
protein which function as a histone chaperone able to bind the ribosome 18S rDNA 
gene chromatin and repress its expression (Li and Luan, 2010). The histone proteins 
regulate transition of chromatin between active and inactive status which will strongly 
influence DNA replication and gene expression (Arents and Moudrianakis, 1995;Mariño-
Ramírez et al., 2005). Their down-regulation in Col-0 roots after short term exposure to Zn 
deficiency may represent an adaptive response of the plants to the Zn deficiency stress.
In order to identify accession specific transcripts with a significant change in expression in 
both time points studied (4 and 12 days) we selected the accession specific core Zn deficiency 
responsive genes. In Col-0 roots we found 148 transcripts corresponding to the Col-0 specific 
core genes in roots (Table S14). In this set of genes we found an overrepresentation of 
transcripts involved in response to stress, temperature, heat, abiotic and chemical stimulus 
(Table S15). We also performed a hierarchical clustering analysis aiming to identify accession 
specific transcripts with a strong difference in the expression pattern at 4 or 12 days when 
compared to the other accessions. We found two genes clusters with transcripts strongly 
down-regulated in roots of Col-0 after 12 days of exposure to low Zn (Figure 6A and B, Tables 
S59 and S61). The GO analysis showed that transcripts in cluster 1 were involved in response to 
hydrogen peroxide, high light intensity and heat (Table S60). Among these genes we found four 
transcripts encoding Class III peroxidase proteins. In cluster 2 we had an over-representation 
of transcripts involved in response to hydrogen peroxide, heat and ABA stimulus (Table S62).
The strong down-regulation of genes involved in response to hydrogen peroxide in Col-
0 roots at 12 days support our previous conclusion that Col-0 roots are more tolerant to 
the oxidative stress caused by the ROS produced when plants are exposed to Zn deficiency 
stress. In line with this hypothesis we observed that Col-0 roots had the smallest decrease 
in biomass under Zn deficiency in comparison to Tsu-0 and Pa-2 (Figure 3A). Among the 
transcripts involved in response to hydrogen peroxide in cluster 1 were four transcripts 
which belong to the Class III peroxidase involved in the response to oxidative stress 
and known to be up-regulated in response to pathogens (Hiraga et al., 2001). Other 
genes present in cluster 2 were: BAG6 which encodes a calmodulin-binding protein 
involved in programmed cell death (Kang et al., 2005) and WRKY8 which encodes a TF 
involved in defence response and salinity tolerance (Chen et al., 2013a;Hu et al., 2013).
In addition, we found a gene cluster composed of transcripts strongly up-regulated only 
in Col-0 roots after 12 days under low Zn (Figure 8C, Table S63). Col-0 roots cluster 3 had 
only 17 genes, mainly involved in biotic stress and defence response (Table S64). Among 
these genes we found BGL18 which encodes a beta-glucosidase protein able to confer a 
higher tolerance to abiotic stresses, such as drought, by increasing ABA levels (Han et al., 
2012). Ogasawara et al. (2009) also described that BGL18 levels increase in the endoplasmic 
reticulum of wounded tissue, suggesting its role in defense response. We also found in this 
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cluster the gene WAK1 which encodes a cell wall associated kinase. This protein can 
bind with oligogalacturonides released from the cell wall upon pathogen attack to 
induce a defense response and when over expressed is able to confer higher tolerance 
to pathogens (Brutus et al., 2010). These findings are in accordance with the results 
we described for the Col-0 specific transcripts and show that plants response to Zn 
deficiency have a large overlap with the process induced under biotic stress and defence 
response. Furthermore, it may indicate that the differential regulation of accession 
specific transcripts involved in abiotic and biotic stress response may contribute to the 
different levels of Zn deficiency tolerance between the studied A. thaliana accessions.
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Figure 8: Clusters of transcripts selected for showing an accession specific differential 
pattern of expression in roots of Col-0. Clusters 1 (A) and 2 (B) are composed of transcripts 
strongly down-regulated only in Col-0 roots after 12 days. Cluster C has transcripts strongly 
up-regulated only in Col-0 roots after 12 days exposure to Zn deficiency. Lines represent the 
transcripts overall trend of expression across the accessions and time points. Complete list of 
genes are shown in tables S59, S61 and S63. 
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Figure 8: Clusters of transcripts selected for showing an accession specific differential 
pattern of expression in roots of Col-0. Clusters 1 (A) and 2 (B) are composed of transcripts 
strongly down-regulated only in Col-0 roots after 12 days. Cluster C has transcripts strongly 
up-regulated only in Col-0 roots after 12 days exposure to Zn deficiency. Lines represent the 
transcripts overall trend of expression across the accessions and time points. Complete list 
of genes are shown in table S59, S61 and S63.
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In shoots of the accession Col-0 we found only 9 transcripts with a significant change in 
expression in response to Zn deficiency which overlapped between the two time points (Table 
S24). As a result we were not able to identify many Col-0 specific gene clusters with a strong 
pattern of change in expression level in response to the Zn deficiency treatment. Based on the 
hierarchical clustering analysis for the accession Col-0 in shoot tissue we found one cluster 
with transcripts up-regulated after 12 days in Tsu-0 and Pa-2 and to a lower level in Col-0 
(Figure 9, Table S65). Transcripts in this cluster had an overrepresentation of genes involved 
in nicotianamine (NA) biosynthesis (Table S66). The NAS genes catalyse the last step of NA 
biosynthesis (Suzuki et al., 1999). NA can chelate divalent metals, such as Zn, and mediate 
their root-to-shoot transport and redistribution between tissues (Takahashi et al., 2003;Klatte 
et al., 2009;Haydon et al., 2012). These findings are in accordance with the observed slightly 
higher Zn concentration in Col-0 roots and root/shoot Zn concentration and Zn content ratio 
under Zn deficiency in comparison to the other accessions. In addition, this may indicate that 
when facing Zn deficiency Col-0 prioritizes the Zn supply to the root tissue by reducing the 
formation of NA which can bind Zn and mediate its translocation and redistribution between 
tissues. Alternatively, the differential expression level of the NAS genes between Col-0 and 
the other accessions may reflect polymorphisms in the accessions gene coding sequences.
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Figure 9: Clusters of transcripts selected for showing an accession specific differential 
pattern of expression in shoots of Col-0. Cluster 4 is composed of transcripts up-regulated in 
shoots of Tsu-0 and Pa-2 and to a lower level in Col-0 after 12 days exposure to Zn 
Cluster 4 
Col-0  Tsu-0  Pa-2      Col-0  Tsu-0  Pa-2 
4 days                       12 days 
Figure 9: Clusters of transcripts selected for showing an accession specific differential 
pattern of expression in shoots of Col-0. Cluster 4 is composed of transcripts up-regulated 
in shoots of Tsu-0 and Pa-2 and to a lower level in Col-0 after 12 days exposure to Zn 
deficiency. Lines represent the transcripts overall trend of expression across the accessions 
and time points. Complete list of genes is shown in table S65.
3.5.2. Tsu-0 specific transcripts
Tsu-0 induced the expression of glutathione transferase genes which play a role in the 
detoxification of toxic substances and may be involved with its high tolerance to Zn deficiency 
in shoots. Tsu-0 specific genes had an overrepresentation of transcripts involved in the 
catabolism of toxic compounds up-regulated in roots after 12 days and in shoots after 4 days 
of exposure to Zn deficiency (Table S30 and S34). Among these transcripts we found eight 
genes encoding glutathione transferase proteins (GSTs) (Table 3). The GSTs are known to form 
complexes between glutathione and electrophilic xenobiotics (i.e. herbicides, xenobiotics), 
tagging them for vacuolar sequestration (Edwards et al., 2000;Wagner et al., 2002).The 
153
genes GSTF6, GSTU4, 8 and 27 were up-regulated in Tsu-0 shoot tissue after 4 days. GSTF6 
is involved in the biosynthesis of camalexin which is a type of phytoalexin accumulated in 
response to SA, biotic and abiotic stress (Tsuji et al., 1992;Zhao et al., 1998;Thomma et al., 
1999;Wagner et al., 2002;Mert-Türk et al., 2003;Sappl et al., 2004;Su et al., 2011). The genes 
GSTU8 and 27 are also induced in A. thaliana plants exposed to sulphur starvation (Nikiforova 
et al., 2003). The gene GSTU1 was up-regulated in Tsu-0 shoots after 4 days and roots after 
12days under Zn deficiency. Baerson et al. (2005) demonstrated that GSTU1 is up-regulated 
in A. thaliana seedlings exposed to an allelochemical substance. Other genes encoding GSTs 
proteins up-regulated in Tsu-0 roots after 12 days were: GSTF11, GSTU22 and 25. Krajewski et 
al. (2013) observed the strong up-regulation of GSTU25 in response to fungicide compounds 
in yeast cells. GSTU25 was also shown to have its expression increased in response to cumene 
hydroperoxide which is a substrate derived from glucosinolates degradation in cruciferous 
species (Dixon et al., 2009). van de Mortel et al. (2008) also observed the increased 
expression of four genes encoding glutathione S-transferase proteins (GSTF3, GSTF10, 
GSTU17, GSTU28) in roots of A. thaliana Col-0 plants exposed to Zn deficiency and Cd excess.
We also found evidence that Tsu-0 changes the regulation of genes involved in transport of 
nitrogen compounds and solutes in roots after exposure to Zn deficiency which may be linked 
to its higher sensitiveness to Zn deficiency in root tissue compared to shoot. Transcripts down-
regulated in Tsu-0 roots after 4 days exposure to Zn deficiency had an overrepresentation of 
genes involved in nitrate transport (Table S28). Among these genes were NRT2.1 and NRT3.1 
(Table 3) which encode high affinity nitrate transport proteins (Okamoto et al., 2006). A. 
thaliana NRT2.1 mutants show inhibition of lateral root initiation under nitrogen limiting 
conditions (Little et al., 2005;Remans et al., 2006). We also found four genes encoding 
aquaporins and involved in water transport down-regulated in Tsu-0 roots after 4 days 
(Tables 3 and S28). The genes TIP1;1 and TIP2;3 encode tonoplast intrinsic aquaporins. TIP1;1 
is involved in water and solutes transport and its knock-out plants are more sensitive to high 
concentrations of glycerol (Beebo et al., 2009), while TIP2;3 is involved in ammonium transport 
(Loqué et al., 2005). In addition to two genes encoding plasma membrane aquaporins (Table 
3); PIP1;2 which is involved in CO(
2
) transport (Uehlein et al., 2012) and PIP2;3 which is 
strongly down-regulated under drought stress conditions (Alexandersson et al., 2005).
Furthermore our findings indicate that after long term exposure to Zn deficiency Tsu-0 
reduced the expression of TFs involved in the response to abiotic and biotic stress which 
are known to induce a higher tolerance to abiotic stress when not expressed in root tissue. 
Tsu-0 specific genes down-regulated in roots after 12 days of exposure to Zn deficiency 
had an overrepresentation of transcripts involved in the regulation of transcription and 
gene expression (Table S32). Among these genes we found three members of the AP2-
EREBP TF family (CBF2, CBF4 and ERF4; Table 3), shown to be involved in the regulation 
of developmental processes and plants response to abiotic and biotic stress (Kizis et 
al., 2001;Dietz et al., 2010). CBF2 plays a role in response to low temperature, ABA and 
circadian rhythm (Dong et al., 2011;Lee and Thomashow, 2012). CBF4 is involved in the 
response to drought stress and ABA treatment (Ding et al., 2013;Nakai et al., 2013). The 
gene ERF4 encodes an ethylene responsive element binding factor involved in precocious 
leaf senescence which is induced by ethylene, JA and ABA (Yang et al., 2005;Koyama et 
al., 2013). Other genes involved in the regulation of transcription down-regulated in 
Tsu-0 roots after 12 days were: MYB73, WRKY18 and PTAC6 (Table 3). Kim et al. (2013b) 
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demonstrated that the knock-out of MYB73 resulted in a higher tolerance to salt stress 
in A. thaliana. The gene WRKY18 encodes a TF involved in plant response to ABA and 
abiotic and biotic stresses (Wenke et al., 2012). Chen et al. (2010) demonstrated that the 
over-expression of WRKY18 can enhance the plant sensibility to salt and osmotic stress. 
Finally PTAC6 encodes a protein required for gene expression in plastids (Pfalz et al., 2006).
In roots of Tsu-0 we found 10 transcripts with significant change in expression in both time 
points studied (4 and 12 days) correspondent to the Tsu-0 roots core set of Zn deficiency 
responsive genes (Table S33). No biological processes were overrepresented in this set 
of genes. Based on the hierarchical clustering analysis we found two gene clusters with 
transcripts showing a strong pattern of regulation only in roots of the accession Tsu-0 
(Figure 10). Cluster 5 had transcripts strongly down-regulated in roots of Tsu-0, while in Col-
0 and Pa-2 they were strongly up-regulated after 4 days exposure to Zn deficiency (Figure 
10A). In this cluster we found only six transcripts which were involved in glucosinolates 
catabolism, defence response and regulation of stomata movement (Table S67 and S68). 
The genes TGG1 and TGG2 which encode myrosinase proteins involved in glucosinolates 
breakdown and insect defence response (Barth and Jander, 2006). In cluster 5 we also found 
the pathogenesis related gene PR1 previously shown to be up-regulated in response to SA 
accumulation in plants exposed to abiotic and biotic stresses (Caillaud et al., 2013;Liu et al., 
2013). The strong down-regulation of these genes in Tsu-0 roots and up-regulation in Col-0 
and Pa-2 after 4 days exposure to Zn deficiency reinforces our hypothesis that accessions differ 
for the specificity of the response to biotic and abiotic stresses at the transcriptional level.
Cluster 6 was composed of transcripts strongly up-regulated in roots of the accession 
Tsu-0 after 12 days of exposure to Zn deficiency (Figure 10B, Table S69). Surprisingly, this 
cluster was composed of several genes encoding proteins of unknown function and three 
transposases. The strong up-regulation of transposases in Tsu-0 roots after 12 days may 
indicate that when exposed to low Zn concentrations Tsu-0 induces changes in the genome 
sequence or gene regulation via the activation of transposases as an adaptive response. 
However, further studies are needed to understand and characterize the mechanism 
underlying this response and the transcripts involved in the down-stream signaling 
network. In the genome level several deleterious effects can be caused by the induction 
of transposases in response to stress conditions, such as gene deletion or insertion, 
chromosome rearrangement and changes in gene expression (Ma and Bennetzen, 2006;Ito, 
2012). Castrillo et al. (2013) also demonstrated that in A. thaliana plants exposed to high 
As(V) concentration the transcription factor WRKY6 induced the down-regulation of several 
transcripts encoding transposases. These authors found no evidence that the induced 
changes in expression of transposases resulted from epigenetic regulation as suggest in 
other studies (Tsukahara et al., 2009;Mirouze and Paszkowski, 2011;Bucher et al., 2012).
In shoots of Tsu-0 we found 60 transcripts with significant change in expression in both 
time points studied (Table S41). These transcripts were correspondent to the Tsu-0 
specific core Zn deficiency responsive genes and were involved in defence response, 
response to stress, SA, biotic stimulus, bacteria and other organism (Table S42). Based on 
the hierarchical clustering analysis we found two clusters with transcripts showing strong 
differential expression in shoots of the accession Tsu-0 (Figure 11). Cluster 7 was composed 
of 19 transcripts strongly up-regulated only in Tsu-0 shoots after 4 days exposure to Zn 
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deficiency (Figure 11A, Table S70). Among the transcripts in this cluster we found two genes 
encoding lactoylglutathione lyase metalloenzymes, GLYI4 and GLYI7, shown to be highly 
induced under stress conditions (Mustafiz et al., 2011). Other studies also demonstrated 
that the over-expression of genes involved in the glyoxalase pathway in tobacco plants 
resulted in a higher tolerance to salt stress and Zn excess (Singla-Pareek et al., 2003;Singla-
Pareek et al., 2006). These findings indicate that the higher expression of these genes in 
Tsu-0 shoots may relate to the observed high tolerance to Zn deficiency in Tsu-0 shoot.
243 
 
 
 
Figure 10: Clusters of transcripts selected for showing an accession specific differential 
pattern of expression in roots of Tsu-0. Cluster 5 is composed of transcripts strongly down-
regulated in roots of the accession Tsu-0, while in Col-0 and Pa-2 these transcripts were 
strongly up-regulated (A). Cluster 6 is composed of transcripts strongly up-regulated in roots 
of the accession Tsu-0 after 12 days of exposure to Zn deficiency (B). Lines represent the 
transcripts overall trend of expression across the accessions and time points. Complete list of 
genes is shown in tables S67 and S69. 
 
In shoots of Tsu-0 we found 60 transcripts with significant change in expression in both time 
points studied (Table S41). These transcripts were correspondent to the Tsu-0 specific core Zn 
deficiency responsive genes and were involved in defence response, response to stress, SA, 
biotic stimulus, bacteria and other organism (Table S42). Based on the hierarchical clustering 
analysis we found two clusters with transcripts showing strong differential expression in 
shoots of the accession Tsu-0 (Figure 11). Cluster 7 was composed of 19 transcripts strongly 
up-regulated only in Tsu-0 shoots after 4 days exposure to Zn deficiency (Figure 11A, Table 
S70). Among the transcripts in this cluster we found two genes encoding lactoylglutathione 
lyase metalloenzymes, GLYI4 and GLYI7, shown to be highly induced under stress conditions 
(Mustafiz et al., 2011). Other studies also demonstrated that the over-expression of genes 
involved in the glyoxalase pathway in tobacco plants resulted in a higher tolerance to salt 
stress and Zn excess (Singla-Pareek et al., 2003;Singla-Pareek et al., 2006). These findings 
indicate that the higher expression of these genes in Tsu-0 shoots may relate to the observed 
high tolerance to Zn deficiency in Tsu-0 shoot. 
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Figure 10: Clusters of transcripts selected for showing an accession specific differential 
patt rn of expression in roots of Tsu-0. Cluste  5 is composed of transcri ts strongly down-
regulated in roots of the accession Tsu-0, while in Col-0 and Pa-2 these transcripts were 
strongly up-regulated (A). Cluster 6 is composed of transcripts strongly up-regulated in 
roots of the accession Tsu-0 after 12 days of exposure to Zn deficiency (B). Lines represent 
the transcripts overall trend of expression across the accessions and time points. Complete 
list of genes is shown in table S67 and S69.
The second cluster we selected in Tsu-0 shoots consisted of 58 transcripts strongly down-
regulated only in Tsu-0 after 12 days of exposure to Zn deficiency (Figure 11B, Table S71). 
Transcripts in cluster 8 were involved in response to biotic stress and regulation of gene 
expression (Table S72). In addition, genes of the AP2-EREBP TF family were over-represented 
in this gene cluster. Previously, we also found three members of this TF family among the 
Tsu-0 specific transcripts down-regulated in roots. In Tsu-0 shoots we found five genes 
encoding ethylene responsive element binding factors (ERFs) which belonged to the AP2-
EREBP TF family. Among these genes were ERF-1, ERF4, ERF5, ERF6 and ERF13. Dubois et 
al. (2013) demonstrated that the increased expression of ERF5 and ERF6 under drought 
stress inhibits cell proliferation and leaf growth. The up-regulation of these two TFs induces 
the degradation of the enzyme GA2-oxidase and stabilizes DELLA proteins which interrupt 
the normal cell cycle and growth (Achard et al., 2009;Claeys et al., 2012). In addition, we 
found the gene ERF4 in this cluster, which is involved in the regulation of leaf senescence 
and its loss of fu ction leads to  d lay in this pr cess (Koyama et al., 2013). These findings 
may indicate that the smaller reduction in shoot biomass under Zn deficiency observed 
in the accession Tsu-0 in comparison to Col-0 and Pa-2 results from the down-regulation 
of ERF TFs in Tsu-0 shoots after 12 days. In line with this hypothesis we also observed no 
significant change in expression of these TFs in Col-0 and Pa-2 shoots under Z  deficiency.
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3.5.3. Pa-2 specific transcripts
The accession Pa-2 induced changes in the cell wall structure in both roots and shoots after 
exposure to Zn deficiency. Among the Pa-2 specific transcripts up-regulated in roots after 
4 days of exposure to Zn deficiency we found four genes involved in cell wall modification 
in root tissue (Table 4 and S43). The gene TCH4 encodes a protein involved in cell wall 
modification shown to be induced in response to several stresses (Iliev et al., 2002). The gene 
XTH20 encodes a xyloglucan endotransglucosylase/hydrolase (XTH) protein which plays a 
role in xylem development and cellular glucan metabolism (Vissenberg et al., 2005;Miedes 
et al., 2013). The gene XTH16 is also involved in cellular glucan metabolism and XTH9 plays a 
role in rearranging the xyloglucan chains to enable cell wall loosening and shaping (Imoto et 
al., 2005). Interestingly, the genes XTH9, 16 and 20 were also down-regulated in Pa-2 shoots 
after 12 days exposure to Zn deficiency (Table 4 and S56). Other transcripts belonging to the 
glycoside hydrolase family which were down-regulated in Pa-2 shoots after 12 days were: 
XTH6, 24, 25, 27 and 33 (Table 4). All shown to be involved in glucan metabolism and cell wall 
modification (Oh et al., 1996;Rose et al., 2002;Matsui et al., 2005;Ndamukong et al., 2009).
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Figure 11: Clusters of transcripts selected for showing an accession specific differential 
pattern of expression in shoots of Tsu-0. Cluster 7 is composed of transcripts strongly up-
regulated only in Tsu-0 shoots after 4 days exposure to Zn deficiency (A). Cluster 8 is 
composed of transcripts strongly down-regulated only in Tsu-0 shoots after 12 days of 
exposure to Zn deficiency (B). Lines represent the transcripts overall trend of expression 
across the accessions and time points. Complete list of genes is shown in tables S70 and S71. 
 
The second cluster we selected in Tsu-0 shoots consisted of 58 transcripts strongly down-
regulated only in Tsu-0 after 12 days of exposure to Zn deficiency (Figure 11B, Table S71). 
Transcripts in cluster 8 were involved in response to biotic stress and regulation of gene 
expression (Table S72). In addition, genes of the AP2-EREBP TF family were over-
represented in this gene cluster. Previously, we also found three members of this TF family 
among the Tsu-0 specific transcripts down-regulated in roots. In Tsu-0 shoots we found five 
genes encoding ethylene responsive element binding factors (ERFs) which belonged to the 
AP2-EREBP TF family. Among these genes were ERF-1, ERF4, ERF5 ERF6 and ERF13. 
Dubois et al. (2013) demonstrated that the increased expression of ERF5 and ERF6 under 
drought stress inhibits cell proliferation and leaf growth. The up-regulation of these two TFs 
induces the degradation of the enzyme GA2-oxidase and stabilizes DELLA proteins which 
interrupt the normal cell cycle and growth (Achard et al., 2009;Claeys et al., 2012). In 
addition, we found the gene ERF4 in this cluster, which is involved in the regulation of leaf 
senescence and its loss of function leads to a delay in this process (Koyama et al., 2013). 
These findings may indicate that the smaller reduction in shoot biomass under Zn deficiency 
observed in the accession Tsu-0 in comparison to Col-0 and Pa-2 results from the down-
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Figure 11: Clusters of transcripts selected for showing an accession specific differential 
pattern of expression in shoots of Tsu-0. Cluster 7 is composed of transcripts strongly 
up-regulated only in Tsu-0 shoots after 4 days exposure to Zn deficiency (A). Cluster 8 is 
composed of transcripts strongly down-regulated only in Tsu-0 shoots after 12 days of 
exposur  to Zn deficiency (B). Lines represent the transcri ts overall trend of expression 
across the accessions and time points. Complete list of genes is shown in table S70 and S71.
The up-regulation of several genes encoding XTHs proteins in Pa-2 roots may reflect the high 
sensitivity of Pa-2 roots to the Zn deficiency treatment. This hypothesis is supported by the 
many important roles XTHs proteins have, such as cell wall loosening and strengthening, 
integration of new xyloglucans to the cell wall, trimming xyloglucans which are not tightly 
stuck to the surface of cellulose, fruit softening and hydrolization of xyloglucans during 
xylem formation (Cosgrove, 2005). In addition, other studies have shown an increase in the 
roo  plasma membrane perme bility in lants expose  to low Zn conditions (C kmak and 
Marschner, 1988b;Cakmak, 2000). Moreover, the transport of minerals through the apoplast 
from the root cell wall to the xylem is highly dependent on the cell wall cation exchange 
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capacity (CEC), the Casparian band formation and the water flow (Sattehmacher, 2001). 
These studies support our hypothesis that the increased permeability of the root cells under 
Zn deficiency is a result of the damage caused in the root cell wall by the Zn deficiency stress.
Pa-2 specific genes down-regulated in shoots after 12 days exposure to Zn deficiency 
were involved in very long-chain fatty acid (VLCFA) metabolism (Table S56). Among 
these transcripts we found four genes encoding ketoacyl-CoA synthase proteins: KCS1, 
KCS5 and KCS16 and FAH1 (Table 4) described as involved in cuticle development 
and biosynthesis of wax and VLCFA (Todd et al., 1999;Costaglioli et al., 2005;Kunst 
and Samuels, 2009;Nagano et al., 2012). The down-regulation of several transcripts 
involved in cuticle formation in Pa-2 shoots in response to Zn deficiency may be 
a result of its higher sensitivity Zn deficiency in comparison to Tsu-0 and Col-0.
Transcripts involved in plants response to metal ion were up-regulated in Pa-2 shoots 
after 4 days of exposure to Zn deficiency (Table S51). Among these transcripts were ZIP9, 
YSL1 and FER3 (Table 4). ZIP9 is a member of the ZIP Zn2+ transmembrane transporter 
family and YSL1 encodes a protein involved in the transport of Zn and other metals 
complexed with nicotianamine from senescing tissues to reproductive organs (Grotz et 
al., 1998;Waters et al., 2006;Waters and Grusak, 2008). Both were previously shown to be 
up-regulated in A. thaliana plants in response to Zn deficiency (Wintz et al., 2003;van de 
Mortel et al., 2006;Waters et al., 2006;Jain et al., 2013). FER3 encodes a ferritin protein 
involved in buffering Fe levels and preventing oxidative stress by sequestering the excess 
of Fe present in the cytoplasm (Petit et al., 2001;Ravet et al., 2009). FER3 up-regulation 
may reflect the increased Fe levels in the plant after short term exposure to Zn deficiency 
as a result of the strong up-regulation of Zn transporters which can also transport other 
divalent cations, such as IRT3 (Lin et al., 2009). Other transcripts involved in response 
to metal ion in Pa-2 shoots were NIT3 and SMH7 (Table 4) both demonstrated to be 
up-regulated under sulfur deficiency (Nikiforova et al., 2003;Falkenberg et al., 2008).
We also found that the NAC transcription factor family plays an important role in the stress 
response signalling pathways in Pa-2 shoots under Zn deficiency both after 4 and 12 days of 
exposure to Zn deficiency. Our results show an overrepresentation of genes which belong 
to the NAC transcription factor family among the Pa-2 specific core Zn deficiency responsive 
transcripts in shoots (Tables 4 and S58). The gene ATAF1 was previously shown to be up-
regulated in response to wounding and ABA and to be involved in abiotic and biotic stress 
response in A. thaliana (Wu et al., 2009). NAC3 is involved in leaf senescence (Balazadeh et 
al., 2011), NAC036 is involved in leaf and stem inflorescence growth and development (Kato 
et al., 2010) and RD26 acts in the ABA-mediated response to desiccation (Fujita et al., 2004). 
In roots of Pa-2 we found 44 genes with a significant change in expression in both time 
points (Table S49). No biological processes were overrepresented in the Pa-2 specific core 
Zn deficiency responsive genes in roots. Based on the hierarchical clustering analysis we 
identified two genes clusters with different expression patterns in roots of the accession 
Pa-2 (Figure 12). Cluster 9 consisted of genes strongly up-regulated in Pa-2 roots after 4 days 
and strongly down-regulated after 12 days (Figure 12A, Table S73). Surprisingly, this cluster 
had several genes which encoded proteins of unknown function, transposases (6), other 
160
N
am
e
Lo
cu
s
Co
l-0
Ts
u-
0
Pa
-2
A
nn
ot
ati
on
Ro
ot
 4
 d
ay
s
-Z
n
+Z
n
FC
-Z
n
+Z
n
FC
-Z
n
+Z
n
FC
TC
H4
AT
5G
57
56
0
26
.4
77
27
.7
63
1.
04
9
30
.1
24
32
.7
77
1.
08
8
29
.9
68
19
.7
65
1.
51
6
TC
H
4,
 X
TH
22
 |
 X
yl
og
lu
ca
n 
en
do
tr
an
sg
lu
co
sy
la
se
/h
yd
ro
la
se
 fa
m
ily
 
pr
ot
ei
n
XT
H2
0
AT
5G
48
07
0
54
.4
90
43
.6
46
1.
24
8
15
4.
12
7
13
5.
88
6
1.
13
4
47
.1
14
35
.8
04
1.
31
6
AT
XT
H
20
, X
TH
20
 |
 x
yl
og
lu
ca
n 
en
do
tr
an
sg
lu
co
sy
la
se
/h
yd
ro
la
se
 2
0
XT
H6
AT
3G
23
73
0
55
.3
10
48
.8
36
1.
13
3
83
.6
38
68
.6
48
1.
21
8
89
.0
08
63
.1
00
1.
41
1
XT
H
16
 |
 x
yl
og
lu
ca
n 
en
do
tr
an
sg
lu
co
sy
la
se
/
hy
dr
ol
as
e 
16
XT
H9
AT
4G
03
21
0
12
2.
48
1
14
7.
07
2
1.
20
1
99
.5
25
93
.5
05
1.
06
4
11
4.
20
0
82
.9
82
1.
37
6
XT
H
9 
| 
xy
lo
gl
uc
an
 e
nd
ot
ra
ns
gl
uc
os
yl
as
e/
hy
dr
ol
as
e 
9
Ro
ot
 1
2 
da
ys
XT
H1
6
AT
3G
23
73
0
15
.4
85
11
.8
26
1.
30
9
19
.7
73
15
.3
40
1.
28
9
41
.8
68
21
.2
72
1.
96
8
 X
TH
16
 |
 x
yl
og
lu
ca
n 
en
do
tr
an
sg
lu
co
sy
la
se
/
hy
dr
ol
as
e 
16
 
XT
H2
0
AT
5G
48
07
0
51
.5
94
39
.9
31
1.
29
2
21
7.
31
7
18
7.
85
0
1.
15
7
42
.0
15
72
.2
09
- 1
.7
19
 A
TX
TH
20
, X
TH
20
 |
 x
yl
og
lu
ca
n 
en
do
tr
an
sg
lu
co
sy
la
se
/h
yd
ro
la
se
 2
0 
FA
H1
AT
4G
36
22
0
11
.4
83
10
.1
97
1.
12
6
74
.1
46
48
.6
01
1.
52
6
40
.9
55
17
.7
41
2.
30
8
 F
A
H
1,
 C
YP
84
A
1 
| 
fe
ru
lic
 a
ci
d 
5-
hy
dr
ox
yl
as
e 
1 
Sh
oo
t 
4 
da
ys
XT
H
27
AT
2G
01
85
0
13
5.
37
7
10
4.
89
3
1.
29
1
11
3.
24
9
84
.3
99
1.
34
2
84
.7
34
47
.6
51
1.
77
8
 E
XG
T-
A
3,
 X
TH
27
, A
TX
TH
27
 |
 e
nd
ox
yl
og
lu
ca
n 
tr
an
sf
er
as
e 
A
3 
KC
S5
AT
1G
25
45
0
17
.5
73
18
.0
58
1.
02
8
16
.6
81
14
.0
94
1.
18
4
19
.7
62
12
.3
82
1.
59
6
 K
CS
5,
 C
ER
60
 |
 3
-k
et
oa
cy
l-C
oA
 s
yn
th
as
e 
5 
ZI
P9
AT
4G
33
02
0
0.
19
2
0.
07
6
2.
53
7
0.
13
4
0.
03
9
3.
41
4
1.
20
9
0.
04
0
30
.4
67
 Z
IP
9,
 A
TZ
IP
9 
| 
ZI
P 
m
et
al
 io
n 
tr
an
sp
or
te
r 
fa
m
ily
 
YS
L1
AT
4G
24
12
0
13
.0
55
12
.6
69
1.
03
0
12
.9
25
9.
53
6
1.
35
5
20
.6
49
11
.9
30
1.
73
1
 Y
SL
1,
 A
TY
SL
1 
| 
YE
LL
O
W
 S
TR
IP
E 
lik
e 
1 
FE
R3
AT
3G
56
09
0
32
.5
51
35
.0
19
1.
07
6
36
.7
49
28
.8
88
1.
27
2
56
.8
85
29
.8
59
1.
90
5
 A
TF
ER
3,
 F
ER
3 
| 
fe
rr
iti
n 
3 
NI
T3
AT
3G
44
32
0
5.
22
5
4.
63
5
1.
12
7
12
.2
50
8.
46
2
1.
44
8
4.
36
3
2.
12
1
2.
05
7
 N
IT
3,
 A
tN
IT
3 
| 
ni
tr
ila
se
 3
 
SH
M
7
AT
1G
36
37
0
23
.5
78
31
.1
75
1.
32
2
33
.7
46
24
.6
28
1.
37
0
41
.8
86
27
.9
75
1.
49
7
 S
H
M
7 
| 
se
ri
ne
 h
yd
ro
xy
m
et
hy
lt
ra
ns
fe
ra
se
 7
 
AT
AF
1
AT
1G
01
72
0
6.
84
6
9.
01
3
1.
31
7
9.
53
6
11
.8
33
1.
24
1
7.
50
8
18
.3
84
- 2
.4
49
 A
TA
F1
, A
N
A
C0
02
 |
 N
A
C 
(N
o 
A
pi
ca
l M
er
is
te
m
) 
do
m
ai
n 
tr
an
sc
ri
pti
on
al
 r
eg
ul
at
or
 s
up
er
fa
m
ily
 
pr
ot
ei
n 
Ta
bl
e 
4:
 P
a-
2 
sp
ec
ifi
c 
ge
ne
s 
up
 a
nd
 d
ow
n-
re
gu
la
te
d 
(n
eg
ati
ve
 v
al
ue
s)
 in
 r
oo
t 
an
d 
sh
oo
t 
aft
er
 4
 a
nd
 1
2 
da
ys
 o
f e
xp
os
ur
e 
to
 Z
n 
de
fic
ie
nc
y.
 
A
bs
ol
ut
e 
va
lu
es
 o
f g
en
e 
ex
pr
es
si
on
 u
nd
er
 Z
n 
de
fic
ie
nc
y 
(-
Zn
) a
nd
 s
uffi
ci
en
cy
 (+
Zn
) c
on
di
ti
on
s 
an
d 
th
e 
fo
ld
 c
ha
ng
e 
(F
C)
 in
 e
xp
re
ss
io
n 
be
tw
ee
n 
th
e 
tr
ea
tm
en
ts
 a
re
 s
ho
w
n 
fo
r 
th
e 
th
re
e 
A
. t
ha
lia
na
 a
cc
es
si
on
s.
 S
ig
ni
fic
an
t 
FC
 in
 e
xp
re
ss
io
n 
ar
e 
m
ar
ke
d 
in
 g
re
y;
 P
 <
 0
.0
5.
161
N
AC
3
AT
3G
29
03
5
1.
39
3
1.
48
3
1.
06
4
4.
35
9
3.
16
4
1.
37
8
0.
77
8
0.
08
9
8.
70
5
 A
TN
A
C3
, A
N
A
C0
59
, N
A
C3
 |
 N
A
C 
do
m
ai
n 
co
nt
ai
ni
ng
 p
ro
te
in
 3
 
NA
C0
36
AT
2G
17
04
0
37
.1
89
40
.1
98
1.
08
1
33
.0
19
26
.4
62
1.
24
8
28
.7
64
45
.3
20
- 1
.5
76
 a
na
c0
36
, N
A
C0
36
 |
 N
A
C 
do
m
ai
n 
co
nt
ai
ni
ng
 
pr
ot
ei
n 
36
 
RD
26
AT
4G
27
41
0
10
.0
21
10
.2
53
1.
02
3
22
.8
04
31
.7
91
1.
39
4
9.
21
5
23
.8
68
- 2
.5
90
 R
D
26
 |
 N
A
C 
(N
o 
A
pi
ca
l M
er
is
te
m
) d
om
ai
n 
tr
an
sc
ri
pti
on
al
 r
eg
ul
at
or
 s
up
er
fa
m
ily
 p
ro
te
in
 
Sh
oo
t 
12
 d
ay
s
XT
H9
AT
4G
03
21
0
13
4.
54
6
17
8.
34
8
1.
32
6
21
7.
65
5
19
8.
67
8
1.
09
6
72
.0
45
20
0.
04
0
- 2
.7
77
XT
H
9 
| 
xy
lo
gl
uc
an
 e
nd
ot
ra
ns
gl
uc
os
yl
as
e/
hy
dr
ol
as
e 
9
XT
H1
6
AT
3G
23
73
0
25
.7
97
27
.9
08
1.
08
2
46
.4
66
52
.2
06
1.
12
4
16
.8
28
57
.6
99
- 3
.4
29
XT
H
16
 |
 x
yl
og
lu
ca
n 
en
do
tr
an
sg
lu
co
sy
la
se
/
hy
dr
ol
as
e 
16
XT
H6
AT
5G
65
73
0
14
0.
12
8
16
0.
66
7
1.
14
7
18
7.
12
0
17
6.
64
8
1.
05
9
34
.4
87
15
6.
44
2
- 4
.5
36
XT
H
6 
| 
xy
lo
gl
uc
an
 e
nd
ot
ra
ns
gl
uc
os
yl
as
e/
hy
dr
ol
as
e 
6
XT
H2
4
AT
4G
30
27
0
42
5.
08
5
33
6.
09
1
1.
26
5
37
7.
97
7
47
3.
93
0
1.
25
4
11
.6
97
93
.2
38
- 7
.9
71
M
ER
I5
B,
 M
ER
I-
5,
 X
TH
24
, S
EN
4 
| 
xy
lo
gl
uc
an
 
en
do
tr
an
sg
lu
co
sy
la
se
/h
yd
ro
la
se
 2
4
XT
H2
5
AT
5G
57
55
0
17
.7
08
13
.1
80
1.
34
4
6.
82
1
7.
02
9
1.
03
0
10
.4
35
34
.2
00
- 3
.2
78
XT
R3
, X
TH
25
 |
 x
yl
og
lu
ca
n 
en
do
tr
an
sg
lu
co
sy
la
se
/h
yd
ro
la
se
 2
5
XT
H
27
AT
2G
01
85
0
12
4.
95
2
10
0.
48
5
1.
24
3
13
9.
03
9
12
3.
23
3
1.
12
8
47
.1
92
11
8.
98
4
- 2
.5
21
EX
G
T-
A
3,
 X
TH
27
, A
TX
TH
27
 |
 e
nd
ox
yl
og
lu
ca
n 
tr
an
sf
er
as
e 
A
3
XT
H3
3
AT
1G
10
55
0
5.
33
8
3.
18
1
1.
67
8
5.
89
9
8.
91
7
1.
51
2
0.
33
6
6.
17
4
- 1
8.
38
6
XT
H
33
, X
ET
 |
 x
yl
og
lu
ca
n:
xy
lo
gl
uc
os
yl
 
tr
an
sf
er
as
e 
33
KC
S1
AT
1G
01
12
0
55
.1
44
75
.9
53
1.
37
7
97
.0
77
88
.6
51
1.
09
5
35
.6
24
81
.0
73
- 2
.2
76
KC
S1
 |
 3
-k
et
oa
cy
l-C
oA
 s
yn
th
as
e 
1
KC
S5
AT
1G
25
45
0
18
.0
24
18
.4
97
1.
02
6
17
.5
57
16
.8
93
1.
03
9
10
.1
02
20
.9
22
- 2
.0
71
KC
S5
, C
ER
60
 |
 3
-k
et
oa
cy
l-C
oA
 s
yn
th
as
e 
5
KC
S1
6
AT
4G
34
25
0
8.
79
8
10
.5
09
1.
19
5
15
.1
36
19
.2
47
1.
27
2
7.
63
7
19
.0
36
- 2
.4
93
KC
S1
6 
| 
3-
ke
to
ac
yl
-C
oA
 s
yn
th
as
e 
16
FA
H1
AT
2G
34
77
0
61
.6
81
61
.4
15
1.
00
4
57
.1
74
47
.6
46
1.
20
0
32
.0
07
74
.4
95
- 2
.3
27
FA
H
1,
 A
TF
A
H
1 
| 
fa
tt
y 
ac
id
 h
yd
ro
xy
la
se
 1
AN
AC
05
9
AT
1G
01
72
0
12
.5
77
11
.3
34
1.
11
0
11
.2
58
10
.2
85
1.
09
5
21
.2
84
6.
79
0
3.
13
4
AT
A
F1
, A
N
A
C0
02
 |
 N
A
C 
(N
o 
A
pi
ca
l M
er
is
te
m
) 
do
m
ai
n 
tr
an
sc
ri
pti
on
al
 r
eg
ul
at
or
 s
up
er
fa
m
ily
 
pr
ot
ei
n
AN
AC
05
9
AT
3G
29
03
5
5.
19
6
4.
38
9
1.
18
4
11
.1
97
9.
07
6
1.
23
4
0.
41
5
1.
91
2
- 4
.6
11
AT
N
A
C3
, A
N
A
C0
59
, N
A
C3
 |
 N
A
C 
do
m
ai
n 
co
nt
ai
ni
ng
 p
ro
te
in
 3
NA
C0
36
AT
2G
17
04
0
20
3.
67
8
17
4.
88
6
1.
16
5
74
.3
27
76
.5
83
1.
03
0
10
1.
22
4
52
.3
56
1.
93
3
an
ac
03
6,
 N
A
C0
36
 |
 N
A
C 
do
m
ai
n 
co
nt
ai
ni
ng
 
pr
ot
ei
n 
36
RD
26
AT
4G
27
41
0
16
.6
31
13
.4
96
1.
23
2
23
.2
64
27
.4
76
1.
18
1
53
.9
82
25
.5
13
2.
11
6
RD
26
 |
 N
A
C 
(N
o 
A
pi
ca
l M
er
is
te
m
) d
om
ai
n 
tr
an
sc
ri
pti
on
al
 r
eg
ul
at
or
 s
up
er
fa
m
ily
 p
ro
te
in
162
RNA encoding potential antisense genes or unknown proteins (6) and pseudogenes (1). In 
cluster 10, which was composed of transcripts strongly down-regulated in Pa-2 roots after 
12 days (Figure 12B, Table S74) we also found several genes encoding transposases and one 
pseudogene. One of the transposases which belongs to the CACTA-like transposable element 
family identified in this study was previously shown to have its expression altered in a ferritin 
mutant when exposed to excess Fe (Sudre et al., 2013). In addition, among the genes in cluster 
10 were three copia-like retrotransposons previously shown to regulate the expression of 
genes in A. thaliana by altering the chromatin status (Lippman et al., 2003;Madlung et al., 
2005;Nakahigashi et al., 2005). Previously we also observed the strong change in expression 
of transposases in roots of the accession Tsu-0 after 12 days of exposure to Zn deficiency. 
This indicates that Pa-2 induces changes in gene expression and in the genome structure 
as an adaptive response to the Zn deficiency stress in an earlier time point than Tsu-0.
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Figure 12: Clusters of transcripts selected for showing an accession specific differential 
pattern of expression in roots of Pa-2. Cluster 9 is composed of genes strongly up-regulated 
in Pa-2 roots after 4 days and strongly down-regulated after 12 days (A). Cluster 10 is 
composed of transcripts strongly down-regulated in Pa-2 roots after 12 days (B). Lines 
represent the transcripts overall trend of expression across the accessions and time points. 
Complete list of genes is shown in tables S73 and S74. 
 
In shoot tissue of the accession Pa-2 we found 73 genes with significant change in expression 
in response to the Zn deficiency treatment in both time points (Table S58). This set of core Zn 
deficiency responsive genes in Pa-2 shoot had an enrichment of genes from the NAC TF 
family similarly to our findings when analysing the Pa-2 specific genes in shoot. Based on the 
hierarchical clustering analysis we selected two genes clusters with a differential pattern of 
regulation for the accession Pa-2 in shoot tissue. Cluster 11 had transcripts strongly up-
regulated after 4 days and strongly down-regulated after 12 days in Pa-2 shoots (Figure 13A, 
Tables S75 and S76). Two transcripts in this cluster, LPXC2 and LPXC3, were involved in 
lipid A biosynthesis. Lipid A is an important component of the outer membrane in 
Escherichia coli and in A. thaliana it is targeted to the mitochondria but its exact function is 
not yet known (Li et al., 2011). Cluster 12 was composed of transcripts strongly up-regulated 
only in Pa-2 shoots after 4 days of exposure to Zn deficiency (Figure 13B, Table S77). In this 
cluster we found three genes involved in transmembrane receptor activity which encoded 
disease resistance proteins of the TIR-NBS-LRR class. These genes were mainly shown to be 
up-regulated in response to increased SA levels which is consistent with their role in defense 
responce and possibly other SA mediated processes (Meyers et al., 2003;Tan et al., 2007). We 
A B Cluster 9 Cluster 10 
Col-0  Tsu-0  Pa-2      Col-0  Tsu-0  Pa-2 
4 days                       12 days 
Col-0  Tsu-0  Pa-2      Col-0  Tsu-0  Pa-2 
4 days                       12 days 
Figure 12: Clusters of transcripts selected for showing an accession specific differential 
pattern of expression in roots of Pa-2. Cluster 9 is c mposed of g nes strongly up-regulated 
in Pa-2 roots after 4 days and strongly down-regulated after 12 days (A). Cluster 10 is 
composed of transcripts strongly down-regulated in Pa-2 roots after 12 days (B). Lines 
represent the transcripts overall trend of expression cross the accessions and time points. 
Complete list of genes is shown in table S73 and S74.
These results strengthen the indication that under Zn deficiency the accessions Tsu-0 
and Pa-2 induce changes in the genome structure and gene expression by up- and down-
regulating genes encoding transposases as an adaptive response to the Zn deficiency 
treatment. However, each accession induce  chang  in t e expression of a different group 
of transposases and in different time points. Furthermore, these findings may indicate that 
a higher sensitiveness to Zn deficiency is linked to changes in the regulation of transposases. 
In support to this hypothesis, the accession Tsu-0 induced the expression of transposases 
in roots and exhibit higher sensitivity to Zn deficiency in this organ. In addition, in the 
accession Pa-2 both roots and shoots were sensitive to Zn deficiency and we observed a 
strong induction of changes in the regulation of transposases in both organs in this accession.
In shoot tissue of the accession Pa-2 we found 73 genes with significant change in expression 
in response to the Zn deficiency treatment in both time points (Table S58). The set of core 
Zn deficiency responsive genes in Pa-2 shoot had an enrichment of genes from the NAC TF 
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family similarly to our findings when analysing the Pa-2 specific genes in shoot. Based on 
the hierarchical clustering analysis we selected two genes clusters with a differential pattern 
of regulation for the accession Pa-2 in shoot tissue. Cluster 11 had transcripts strongly up-
regulated after 4 days and strongly down-regulated after 12 days in Pa-2 shoots (Figure 13A, 
Table S75 and S76). Two transcripts in this cluster, LPXC2 and LPXC3, were involved in lipid 
A biosynthesis. Lipid A is an important component of the outer membrane in Escherichia 
coli and in A. thaliana it is targeted to the mitochondria but its exact function is not yet 
known (Li et al., 2011). Cluster 12 was composed of transcripts strongly up-regulated only in 
Pa-2 shoots after 4 days of exposure to Zn deficiency (Figure 13B, Table S77). In this cluster 
we found three genes involved in transmembrane receptor activity which encoded disease 
resistance proteins of the TIR-NBS-LRR class. These genes were mainly shown to be up-
regulated in response to increased SA levels which is consistent with their role in defense 
responce and possibly other SA mediated processes (Meyers et al., 2003;Tan et al., 2007). 
We also found the gene COPT2 which encodes a high affinity Cu transporter protein induced 
under Fe and Cu deficiency in A. thaliana plants (Puig et al., 2007;Perea-Garcia et al., 2013).
Interestingly, in both clusters of Pa-2 shoots we found genes encoding transposases 
similarly to what we observed in Pa-2 and Tsu-0 roots. Cluster 12 contained three 
pseudogenes and two transposases. In cluster 11 we found several transcripts encoding 
transposases (5) and other RNA proteins of unknown function (3) and potential 
antisense genes (2). Two transposases present in this cluster encoded Sadhu non-coding 
retrotransposons: SADHU4-1 and SADHU 5-2. The transposase regulating the transposable 
element SADHU 4-1 was also found in Pa-2 roots among transcripts showing strong 
changes in regulation. Rangwala et al. (2006) examined several members of the Sadhu 
family of retrotransposons and proposed that epigenetic changes play an important role 
in the natural variation observed among them. The induction of transposases is also 
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Figure 13: Clusters of transcripts selected for showing an accession specific differential 
pattern of expression in shoots of Pa-2. Cluster 11 is composed of transcripts strongly up-
regulated after 4 days and strongly down-regulated after 12 days in Pa-2 shoots. Cluster 12 is 
composed of transcripts strongly up-regulated only in Pa-2 shoots after 4 days exposure to Zn 
deficiency. Lines represent the transcripts overall trend of expression across the accessions 
and time points. Complete list of genes is shown in tables S75 and S77. 
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Col-0  Tsu-0  Pa-2      Col-0  Tsu-0  Pa-2 
4 days                       12 days 
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4 days                       12 days 
Figure 13: Clusters of transcripts selected for showing an accession specific differential 
patt rn of expression in shoots of Pa-2. Cluster 11 is composed of tra scripts strongly up-
regulated after 4 days and strongly down-regulated after 12 days in Pa-2 shoots. Cluster 12 
is composed of transcripts strongly up-regulated only in Pa-2 shoots after 4 days exposure 
to Zn deficiency. Lines represent the transcripts overall trend of expression across the 
accessions and time points. Complete list of genes is shown in table S75 and S77.
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known to cause deleterious effects, such as gene deletion or insertion, chromosome 
rearrangement and changes in gene expression (Ma and Bennetzen, 2006;Ito, 2012).
Furthermore, our findings indicate that the accession Pa-2 has two groups of transposases 
with differential regulation under Zn deficiency. We observed that transcripts in clusters 9 
and 11 in shoots and roots of Pa-2 had strong contrasting patterns of expression between the 
studied time-points, whereas transcripts in cluster 12 in roots were strongly induced after 
12 days and had an expression level equal to the Zn sufficiency treatment after 4 days of 
exposure to Zn deficiency (Figure 12A, 13A and B). Castrillo et al. (2013) demonstrated that 
when exposed to As (V) A. thaliana plants up-regulated several genes encoding transposases 
and the up-regulation of the transcription factor WRKY6 induced the down-regulation of the 
transposons. This may indicate that transcripts present in these clusters are regulated by 
different regulatory elements, but further studies are needed to confirm this hypothesis.
4. Conclusion
At the physiological level the accession Col-0 had a high tolerance to Zn deficiency in both 
shoot and root tissue. Tsu-0 shoots were more tolerant to Zn deficiency, while its roots were 
more sensitive. The accession Pa-2 was more sensitive to Zn deficiency in root and shoot 
tissue in comparison to the other accessions. We found evidence that in the three accessions 
studied tissues with a higher tolerance to Zn deficiency induced less changes in the ionome 
when exposed to Zn deficiency in comparison to sensitive tissues. At the transcriptional 
level the differential regulation of transcripts involved in defence response between the 
studied accessions may be related to a high level of tolerance to Zn deficiency. The stronger 
induction of defensin and defensin-like genes in roots and shoots of the accession Col-0 
coincided with the high tolerance to Zn deficiency in this accession roots. Differences in 
root growth between accessions may be linked to the observed differential regulation of 
transcripts involved in auxin biosynthesis and transport. Accessions showed differences in 
the regulation of transcripts involved in carbohydrate and glucosinolates metabolism and 
programmed cell death. In the accession Col-0 the differential regulation of protein kinases 
seems to play a role in separating the abiotic and biotic stress response which may be linked 
to its high tolerance to Zn deficiency in both shoots and roots. The up-regulation of transcripts 
involved in toxin catabolism in Tsu-0 shoot may be involved with its high tolerance to Zn 
deficiency in this tissue. Tsu-0 high tolerance to Zn deficiency in shoots may also be linked 
to the differential regulation of ERF TFs shown to be involved in shoot growth and plants 
increased tolerance to abiotic and biotic stresses. The down-regulation of genes involved 
in cell wall structure in Pa-2 roots may reflect its high sensitiveness to Zn deficiency in this 
tissue. Furthermore, the differential regulation of transcripts encoding histone proteins, 
transposases and antisense silencing elements in the studied accessions under low Zn indicate 
their role in the accessions specific adaptation to Zn deficiency stress response. Finally, 
our study provides an overview of the transcripts involved in the regulation of biological 
processes which may play a role in differences in Zn deficiency tolerance observed between 
the studied accessions. Future studies focusing on A. thaliana knock out lines of these 
genes will provide valuable information about their exact role in tolerance to Zn deficiency.
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Trait Treatment Accession Treatment * Accession
SDW (mg) F
1,1
 = 94.940, P = 0.000 F
1,2
 = 13.155, P = 0.000 F
1,2
 = 0.565, P = 0.571
RDW (mg) F
1,1
 = 295.411, P = 0.000 F
1,2
 = 10.623, P = 0.000 F
1,2
 = 12.272, P = 0.000
Shoot [Zn] F
1,1
 = 1040.048, P = 0.000 F
1,2
 = 1.527, P = 0.225 F
1,2
 = 1.032, P = 0.362
Root [Zn] F
1,1
 = 295.411, P = 0.000 F
1,2
 = 10.623, P = 0.000 F
1,2
 = 12.272, P = 0.000
Shoot Zn cont. F
1,1
 = 1275.755, P = 0.000 F
1,2
 = 12.303, P = 0.000 F
1,2
 = 6.853, P = 0.002
Root Zn cont. F
1,1
 = 310.742, P = 0.000 F
1,2
 = 19.295, P = 0.000 F
1,2
 = 20.460, P = 0.000
Shoot ZnUI F
1,1
 = 148.031, P = 0.000 F
1,2
 = 13.691, P = 0.000 F
1,2
 = 7.566, P = 0.001
Root ZnUI F
1,1
 = 142.904, P = 0.000 F
1,2
 = 2.111, P = 0.129 F
1,2
 = 3.005, P = 0.056
Root/Shoot ratio F
1,1
 = 31.240, P = 0.000 F
1,2
 = 13.426, P = 0.000 F
1,2
 = 3.499, P = 0.036
Trait Accession
Rel. change SDW F
1,2
 = 2.752, P = 0.078
Rel. change RDW F
1,2
 = 8.682, P = 0.001
Rel. change Shoot [Zn] F
1,2
 = 0.168, P = 0.846
Rel. change Root [Zn] F
1,2
 = 11.158, P = 0.000
Rel. change Shoot Zn cont. F
1,2
 = 2.429, P = 0.104
Rel. change Root Zn cont. F
1,2
 = 12.618, P = 0.000
Table S2: Results of the two-way ANOVA analysis performed for shoot dry weight (SDW), 
root dry weight (RDW), shoot Zn concentration (shoot [Zn]), root Zn concentration 
(root [Zn]), shoot Zn content (shoot Zn cont.), root Zn content (root Zn cont.), shoot Zn 
usage index (shoot ZnUI), root Zn usage index (root ZnUI) and root/shoot ratio to test 
for significant differences between treatments, accessions and the interaction between 
treatments and accessions, with a cut-off for significance of P<0.05.
Table S3: Results of the one-way ANOVA analysis performed for relative change in shoot 
dry weight (Rel. SDW), root dry weight (Rel. RDW), shoot Zn concentration (Rel. Shoot 
[Zn]), root Zn concentration (Rel. Root [Zn]), shoot Zn content (shoot Zn cont.) and root Zn 
content (root Zn cont.) to test for significant differences between accessions, with a cut-off 
for significance of P<0.05.
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Shoot element 
concentrations
Treatment Corr. P Accession Corr. P Treatment*Accession Corr. P
B
F
1,1
 = 3.475
P = 0.067
0.080
F
1,2
 = 3.205
P = 0.047
0.056
F
1,2
 = 1.003
P = 0.372
0.496
Na
F
1,1
 = 19.231
P = 0.000
0.000
F
1,2
 = 3.735
P = 0.029
0.039
F
1,2
 = 4.247
P = 0.018
0.043
Mg
F
1,1
 = 21.598
P = 0.000
0.000
F
1,2
 = 48.101
P = 0.000
0.000
F
1,2
 = 7.329
P = 0.001
0.012
P
F
1,1
 = 8.426
P = 0.005
0.007
F
1,2
 = 25.520
P = 0.000
0.000
F
1,2
 = 3.879
P = 0.026
0.045
S
F
1,1
 = 34.384
P = 0.000
0.000
F
1,2
 = 16.508
P = 0.000
0.000
F
1,2
 = 4.358
P = 0.017
0.051
K
F
1,1
 = 41.504
P = 0.000
0.000
F
1,2
 = 42.778
P = 0.000
0.000
F
1,2
 = 7.652
P = 0.001
0.006
Ca
F
1,1
 = 1.447
P = 0.233
0.254
F
1,2
 = 39.387
P = 0.000
0.000
F
1,2
 = 3.200
P = 0.047
0.071
Mn
F
1,1
 = 47.084
P = 0.000
0.000
F
1,2
 = 8.663
P = 0.000
0.000
F
1,2
 = 0.865
P = 0.426
0.465
Fe
F
1,1
 = 27.833
P = 0.000
0.000
F
1,2
 = 2.829
P = 0.063
0.069
F
1,2
 = 3.922
P = 0.025
0.050
Cu
F
1,1
 = 117.847
P = 0.000
0.000
F
1,2
 = 9.239
P = 0.000
0.000
F
1,2
 = 0.472
P = 0.626
7.512
Mo
F
1,1
 = 0.318
P = 0.575
6.900
F
1,2
 = 116.508
P = 0.000
0.000
F
1,2
 = 8.226
P = 0.001
0.004
Zn
F
1,1
 = 1018.584
P = 0.000
0.000
F
1,2
 = 1.465
P = 0.239
2.868
F
1,2
 = 0.998
P = 0.374
0.449
Table S4: Results of the two-way ANOVA analysis performed for shoot element 
concentrations to test for significant differences between treatment, accession and the 
interaction between treatment and accession (n = 12 independent plants). We performed 
a Benjamini-Hochberg multiple comparisons correction and the corrected P values (Corr. P) 
for each comparison are shown.
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Root element 
concentrations
Treatment Corr. P Genotype Corr. P Treatment*Genotype Corr. P
B
F
1,1
 = 2.302
P = 0.134
0.230
F
1,2
 = 1.180
P = 0.314
0.343
F
1,2
 = 1.128
P = 0.330
0.360
Na
F
1,1
 = 1.202
P = 0.277
0.332
F
1,2
 = 1.775
P = 0.177
0.236
F
1,2
 = 4.384
P = 0.016
0.096
Mg
F
1,1
 = 15.484
P = 0.000
0.000
F
1,2
 = 1.954
P = 0.150
0.225
F
1,2
 = 1.255
P = 0.292
0.389
P
F
1,1
 = 17.242
P = 0.000
0.000
F
1,2
 = 3.537
P = 0.035
0.084
F
1,2
 = 1.455
P = 0.241
0.362
S
F
1,1
 = 11.652
P = 0.001
0.002
F
1,2
 = 2.432
P = 0.096
0.192
F
1,2
 = 2.472
P = 0.092
0.184
K
F
1,1
 = 0.004
P = 0.952
11.424
F
1,2
 = 5.354
P = 0.007
0.028
F
1,2
 = 4.122
P = 0.021
0.084
Ca
F
1,1
 = 1.417
P = 0.238
0.317
F
1,2
 = 0.532
P = 0.590
7.080
F
1,2
 = 3.183
P = 0.048
0.115
Mn
F
1,1
 = 1.441
P = 0.234
0.351
F
1,2
 = 6.536
P = 0.003
0.018
F
1,2
 = 1.141
P = 0.326
0.391
Fe
F
1,1
 = 170.382
P = 0.000
0.000
F
1,2
 = 1.288
P = 0.283
0.340
F
1,2
 = 3.389
P = 0.040
0.120
Cu
F
1,1
 = 68.227
P = 0.000
0.000
F
1,2
 = 4.878
P = 0.011
0.033
F
1,2
 = 2.089
P = 0.132
0.226
Mo
F
1,1
 = 0.429
P = 0.515
0.562
F
1,2
 = 2.254
P = 0.113
0.194
F
1,2
 = 1.047
P = 0.357
4.284
Zn
F
1,1
 = 295.411
P = 0.000
0.000
F
1,2
 = 10.623
P = 0.000
0.000
F
1,2
 = 12.272
P = 0.000
0.000
Table S5: Results of the two-way ANOVA analysis performed for root element 
concentrations to test for significant differences between treatment, accession and the 
interaction between treatment and accession (n = 12 independent plants). We performed 
a Benjamini-Hochberg multiple comparisons correction and the corrected P values (Corr. P) 
for each comparison are shown.
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6. General discussion
The importance of Zn as an essential element for plants and other organisms is reflected in 
the wide range of biological processes in which Zn is involved. In the plant model species 
Arabidopsis thaliana between 1,200 and 2,400 proteins are estimated to bind, transport 
or contain Zn in their structure (Broadley et al., 2007;Hänsch and Mendel, 2009;Clemens, 
2010). Plants are sessile organisms, which in nature are often exposed to fluctuations in 
the level of nutrition, among other adverse conditions to which they have to adapt (Trontin 
et al., 2011). In order to cope with fluctuations in the Zn nutrition level, plants developed 
a mechanism of Zn homeostasis to tightly regulate its concentration in the cells, tissues 
and organs (Clemens et al., 2002). Plants facing Zn deficiency develop chlorosis and 
necrotic spots in leaves due to impaired photosynthesis and damage by reactive oxygen 
species (ROS) accompanied with reduced growth, crop yield and Zn concentration in edible 
parts (Marschner, 1995). The World Health Organization and the Food and Agriculture 
Organization estimate that one third of the world population suffers from mild to severe Zn 
deficiency (W.H.O. and F.A.O., 2006). In addition, many agricultural soils world-wide have 
low Zn availability (Cakmak, 2007;Alloway, 2009). Since plants are an important component 
of the human diet, improving plant Zn concentration and Zn deficiency tolerance are of 
paramount importance. Such improvements will enable the selection of crop varieties 
more resistant to adverse environmental conditions and with a higher Zn nutritional level.
Studies using plants natural variation found large intra- and inter-specific variation for 
Zn concentration and in the ability of plants to tolerate Zn deficiency (Broadley et al., 
2007;Wu et al., 2007;Chen et al., 2009;Broadley et al., 2010;Cakmak et al., 2010;Chaab et 
al., 2011;Richard et al., 2011;Baxter et al., 2012;Souza et al., 2014). However, a detailed 
characterization of the mechanisms underlying differences in Zn deficiency tolerance in 
roots and shoots has not been performed. In addition, previous studies which investigated 
the response to Zn deficiency at the transcriptional level were limited to only one A. 
thaliana accession and one time point (Wintz et al., 2003;Talke et al., 2006;van de Mortel 
et al., 2006;van de Mortel et al., 2008;Assunção et al., 2010). Therefore, the separation 
between a species general and genotype specific transcriptional regulation of the response 
to Zn deficiency and the time scale of the induced changes have not yet been reported.
This thesis addressed the possible mechanisms involved in natural variation for Zn deficiency 
tolerance in shoots and roots using a set of twenty diverse A. thaliana accessions considering 
changes in growth, ionome, gene expression level and root morphology. To further investigate 
the transcripts involved in the general and accession specific response to Zn deficiency we 
selected three A. thaliana accessions with contrasting tolerance to Zn deficiency for a whole 
genome transcriptional analysis evaluating roots and shoots in two time points. The choice for 
A. thaliana as a model organism in this study was based on its wide geographical distribution 
and natural variation for several traits combined with the already well-established genome 
sequencing technologies and genetic and molecular tools (Alonso-Blanco and Koornneef, 
2000;Alonso-Blanco et al., 2009;Atwell et al., 2010;Koornneef and Meinke, 2010;Weigel, 2011).
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1.1. Processes involved in Zn deficiency tolerance at the shoot and root level
In order to identify possible mechanisms involved in Zn deficiency tolerance we analysed in 
detail the changes induced by Zn deficiency in roots and shoots in a diverse set of twenty 
A. thaliana accessions as described in chapters 2 and 3. Tolerance to Zn deficiency was 
measured based on the change in biomass and Zn concentration in shoots and roots of 
plants grown under Zn deficiency relative to the Zn sufficiency treatment and Zn usage 
index (ZnUI). The trait ZnUI shows the amount of dry biomass produced per unit of Zn in 
the tissue and enables the comparison of plant genotypes which do not show significant 
differences in Zn concentration, but differ in biomass production under Zn deficiency 
(Siddiqi and Glass, 1981;Marschner, 1995;Cakmak et al., 1998;Good et al., 2004;Genc et 
al., 2006). We demonstrated that differences in Zn deficiency tolerance both at the root 
and shoot level appear to result from differences in the minimum Zn concentration needed 
by each A. thaliana accession to maintain growth. Accessions showed a larger variation 
for ZnUI and shoot and root biomass change in response to Zn deficiency than for Zn 
concentration. This indicates that differences in ZnUI between accessions reflect their ability 
of producing more or less biomass using similar Zn concentrations. Previous studies using 
wheat, barley and rice have also shown that genotypes with different levels of Zn deficiency 
tolerance had similar shoot Zn concentrations and a larger variation in biomass production 
when grown under Zn deficiency conditions (Cakmak et al., 1998;Rengel, 2001;Genc 
et al., 2002;Hacisalihoglu et al., 2003;Wissuwa et al., 2006;Sadeghzadeh et al., 2009).
At the shoot level differences in the expression of genes encoding Zn transmembrane 
transporters (IRT3, ZIP3 and 4) are also involved in tolerance to Zn deficiency in plants. 
The A. thaliana genes IRT3, ZIP3 and 4 are members of the ZIP family of transmembrane 
transporter proteins known to be induced in both roots and shoots of plants exposed 
to Zn deficiency (Grotz et al., 1998;Wintz et al., 2003;van de Mortel et al., 2006;Lin 
et al., 2009;Assunção et al., 2010;Milner et al., 2013). However, to date not so much 
information is known about their exact function in the process of Zn homeostasis which 
is also intriguing mainly because they are not only expressed in roots but also in shoots 
(Sinclair and Kramer, 2012). We analysed how these genes responded to the Zn deficiency 
treatment in shoots of eight A. thaliana accessions with contrasting levels of tolerance 
to Zn deficiency. The expression levels of ZIP3 and 4 were positively correlated with ZnUI 
and shoot dry weight (SDW) and negatively correlated with Zn concentration in shoots 
of plants grown under mild Zn deficiency. Under severe Zn deficiency ZnUI was positively 
correlated with ZIP4 and IRT3. Furthermore, we showed that the expression level of these 
genes increased significantly in response to both Zn deficiency treatments, but significant 
difference between the accessions was observed only under severe Zn deficiency. These 
findings suggest that the increased expression of these genes in accessions tolerant to 
Zn deficiency enabled them to translocate more Zn from roots to shoots and distribute 
it more strategically among the shoot tissues. Likewise to our findings, this would lead to 
an increase in shoot biomass production while Zn concentration does not change. Other 
authors have previously reported that genotypes with a higher ability of translocating Zn 
from roots to shoots were more tolerant to Zn deficiency (Rengel and Graham, 1995;Rengel, 
2001;Singh et al., 2005). Investigating the exact function of these genes in shoots should 
help with the understanding of mechanisms underlying Zn deficiency tolerance in plants.
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We also used this group of eight A. thaliana accessions with contrasting tolerance to Zn 
deficiency to study differences in the expression level of two genes involved in the plants 
response to ROS and ability to maintain photosynthesis. Previous studies have suggested that 
plants better ability to detoxify the ROS formed under low Zn conditions results in a higher 
tolerance to Zn deficiency by decreasing the oxidative damage to several vital cell components 
such as DNA, membranes and organelles (Cakmak, 2000;Rengel, 2001). We investigated the 
gene CSD2 encoding a Cu/Zn superoxide dismutase enzyme which uses Zn as an structural 
component and is involved in the scavenging of ROS (Sunkar et al., 2006). We also studied 
the gene CA2 encoding a carbonic anhydrase enzyme which needs Zn as a co-factor and is 
necessary for the CO
2 
diffusion through the liquid phase of the cell to the chloroplast during 
photosynthesis (Ferreira et al., 2008). Previous studies have shown that Zn deficiency tolerant 
genotypes are able to maintain CA2 activity under low Zn conditions and hence higher 
photosynthesis rates and biomass production (Rengel and Graham, 1995;Hacisalihoglu et 
al., 2003). Both genes (CSD2 and CA2) are known to have their expression decreased under 
low Zn conditions (Sharma et al., 2004;Li et al., 2013). We found that the expression level of 
CSD2 and CA2 was reduced under Zn deficiency in comparison to Zn sufficiency in almost all 
A. thaliana accessions. Furthermore, variation between the accessions for the expression 
levels of these genes was observed only under severe Zn deficiency conditions and was 
not correlated with a higher tolerance to Zn deficiency (chapter 2). In contrary to previous 
studies, these findings indicate that accessions higher tolerance to Zn deficiency is not 
related to their ability of maintaining the activity of these enzymes under conditions of Zn 
deficiency. Thus, the increased tolerance to Zn deficiency as a result of plants better ability 
of detoxifying the ROS formed under low Zn may result from the increased activity of other 
enzymes involved in this process, such as peroxidases and glutathione reductases. Studies 
have demonstrated the increased activity of peroxidases and other enzymes involved in ROS 
detoxification under Zn deficiency and their possible contribution to a higher tolerance to Zn 
deficiency in plants (Sharma et al., 2004;Chen et al., 2009;Rose et al., 2012;Li et al., 2013).
At the root level differences between the accessions ability to maintain root growth and to 
produce lateral roots when exposed to Zn deficiency play a role in Zn deficiency tolerance. 
Our findings show that not all A. thaliana accessions grown hydroponically which had a higher 
or lower percentage of decrease in root dry weight (RDW) also had higher or lower decrease 
in root total length (RTL). This may indicate that accessions with a lower RDW and higher RTL 
had a larger number of lateral roots. Richard et al. (2011) have also demonstrated that the Zn 
deficiency treatment has an effect on the formation of lateral roots in different A. thaliana 
accessions. Moreover, in the agar plates experiment we showed that the number of lateral 
roots (NLR) was positively correlated with RTL and root surface area (RSA) in the Zn deficiency 
treatment. This shows that accessions with a small decrease in NLR also had a small decrease 
in the RTL under Zn deficiency in comparison to the other accessions. Hence, accessions 
higher ability of maintaining root growth and the formation of lateral roots under low Zn 
conditions have a higher tolerance to Zn deficiency. In chapter 5 we found genes involved in 
auxin biosynthesis and transport showing a differential regulation between three accessions 
with contrasting tolerance to Zn deficiency. The plant growth hormone auxin is associated 
with lateral root formation and axillary branching (Potters et al., 2009). The accession Col-0 
which showed a small decrease in root growth induced the expression of genes involved 
in auxin biosynthesis. On the other hand, the other two accessions (Tsu-0 and Pa-2) which 
had a strong decrease in root growth under Zn deficiency only showed an increase in the 
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expression of genes involved in auxin transport but not in auxin biosynthesis as Col-0. This 
may indicate that the differential regulation of genes involved in auxin biosynthesis and 
transport also has an effect in the differences in root growth between the studied accessions.
Based on our findings in chapters 2 and 3 and previous studies we concluded that 
several mechanisms act together in order to achieve a higher tolerance to Zn deficiency 
in plants. We found that in A. thaliana tolerance to Zn deficiency is related to differences 
in the minimum Zn concentration required for growth, Zn translocation and distribution 
in shoots, formation of lateral roots and ability to maintain root growth. Additional 
mechanisms suggested by other authors as important for Zn deficiency tolerance are: 
ability to solubilise the non-available Zn present in the soil, higher Zn uptake capacity, more 
efficient utilization and compartmentalization of Zn within the plant and a higher ability 
of detoxifying the ROS formed under low Zn conditions (Cakmak et al., 1996;Cakmak, 
2000;Rengel, 2001;Gao et al., 2005;Genc et al., 2006;Hoffland et al., 2006;Wissuwa et al., 
2006;Chen et al., 2009;Impa et al., 2013a;Impa et al., 2013b). For a better understanding 
of the mechanisms underlying Zn deficiency tolerance future studies should investigate 
these mechanisms not covered in this research using natural variation in A. thaliana.
With the purpose of examining the changes induced by Zn deficiency and mechanisms 
involved in Zn deficiency tolerance at the whole genome transcriptional level we used Col-
0 as a reference accession and selected other two A. thaliana accessions with contrasting 
Zn deficiency tolerance based on our findings in chapter 2. Changes in shoot biomass in 
response to Zn deficiency in the accessions indicated that Tsu-0 was more tolerant to Zn 
deficiency while Pa-2 was more sensitive. However, when we did a detailed characterization 
of the response of these three accessions to Zn deficiency both at the shoot and root level 
accessions showed larger differences in tolerance to Zn deficiency in roots than in shoots as 
described in chapter 5. At the shoot level both Tsu-0 and Pa-2 continued showing the highest 
and lowest tolerance to Zn deficiency, respectively. On the other hand, at the root level Tsu-
0 had the strongest decrease in root biomass in response to Zn deficiency followed by Pa-2 
and Col-0. Based on these findings we decided to consider the accession Col-0 as tolerant to 
Zn deficiency in both shoots and roots, Tsu-0 as tolerant in shoots and sensitive in roots and 
Pa-2 as sensitive in both shoots and roots. By investigating the response of these three A. 
thaliana accessions to Zn deficiency in roots and shoots at two time points after exposure to 
Zn deficiency we aimed to fill the gap in previous Zn deficiency transcriptome studies which 
focused on only one A. thaliana accession. In addition, little is known about these transcriptional 
changes over time and in both roots and shoots (Wintz et al., 2003;Talke et al., 2006;van de 
Mortel et al., 2006;van de Mortel et al., 2008;Assunção et al., 2010;Milner et al., 2013).
1.2. The general transcriptional regulation of Zn deficiency homeostasis
In order to study the general response to Zn deficiency described in chapter 4 of this thesis 
we selected the transcripts showing significant change in expression which overlapped 
between the three A. thaliana accessions studied. In line with other studies we observed 
the up-regulation of several Zn deficiency homeostasis genes among the general Zn 
deficiency responsive transcripts in both roots and shoots (Wintz et al., 2003;Talke et al., 
2006;van de Mortel et al., 2006;Assunção et al., 2010;Sinclair and Kramer, 2012;Milner 
et al., 2013). The roots play an essential role in nutrients and water acquisition as they 
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mediate the interface between the soil and the plant (Osmont et al., 2007). Hence the 
roots are able to sense differences in the availability of Zn and other mineral nutrients and 
activate the correspondent signalling pathway, while shoots will only sense Zn deficiency 
when roots are no longer able to supply the required Zn translocation to shoots. Hence 
the roots are expected to respond faster to sudden drops in Zn availability than shoots. 
In agreement with this we demonstrated that at the earlier of two time points (4 days 
after Zn deficiency exposure) Zn deficiency responsive genes were up-regulated only in 
roots, while in the later time point (12 days after Zn deficiency exposure) they were up-
regulated in both root and shoot tissues. Furthermore, the up-regulation of several genes 
encoding Zn transmembrane transporters in response to the Zn deficiency treatment in 
roots indicate that they may play different roles in the process of Zn up-take and transport. 
Either by being present in different regions of the root or localized at the plasma membrane 
of different root cells/tissues. This has also been proposed by van de Mortel et al. (2006) 
who had similar findings while investigating the changes induced by Zn deficiency at the 
transcriptional level in roots of the A. thaliana accession Col-0. Future studies focusing 
on the exact localization of these Zn transmembrane transporter proteins in roots will be 
important for the detailed understanding of the Zn uptake and transport mechanism in roots.
The cross-talk between Zn and Fe has been widely described in several studies and was also 
observed in our study (Chapter 4) (van de Mortel et al., 2006;Baxter et al., 2008b;Shanmugam 
et al., 2011;Gruber et al., 2013). We demonstrate that the accessions common response to 
Zn deficiency at the early time point involves the down-regulation of several Fe homeostasis 
genes in both roots and shoots. This corresponds well with the observed increase in shoot Fe 
concentration and decrease in root Fe concentration we observed in the accessions following 
exposure to Zn deficiency (Chapters 2, 3 and 5). This increase in Fe concentration in shoots 
have previously been attributed to the uptake of Fe by low specificity Zn transmembrane 
transporters, such as IRT3, ZIP3, 11 and 12 which can also transport other divalent cations 
(Lin et al., 2009;Yang et al., 2010;Milner et al., 2013;Shanmugam et al., 2013). On the other 
hand, the observed decrease in Fe concentration in roots probably result from the strong 
decrease in expression of genes involved in Fe homeostasis after plants were exposed to Zn 
deficiency. Moreover the observed down-regulation of Fe homeostasis genes in the early 
time point in both roots and shoots and the up-regulation of Zn deficiency homeostasis 
genes only in roots indicates that the activation of the Fe homeostasis genes transcriptional 
network is faster and more tightly controlled than the Zn signaling pathway in A. thaliana. 
This finding indicates that there are differences in the speed of activation and signaling 
of different elements. The Zn deficiency response in A. thaliana is partially regulated by 
the transcription factors (TFs) bZIP19 and bZIP23 (Assunção et al., 2010). These two TFs 
have been shown to regulate the expression of several members of the ZIP proteins and 
are hypothesized to initiate the response to Zn deficiency in A. thaliana by sensing the 
cellular Zn levels (Sinclair and Kramer, 2012;Assunção et al., 2013;Choi and Bird, 2014).
The general response to Zn deficiency in the three A. thaliana accessions studied induced 
the differential regulation of several circadian clock genes. This indicates the role of circadian 
clock genes in the response of plants to different levels of Zn nutrition. Other studies 
focused on the regulation of genes involved in Fe homeostasis have shown that the A. 
thaliana genes YSL2, IRT1, FRO2, BHLH39 and FER1 have a diurnal regulation of transcription 
(Vert et al., 2002;Schaaf et al., 2006;Hong et al., 2013). These authors demonstrated that 
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the mechanism underlying this response reflected the requirement of energy supply for 
the nutrient transporters and subsequent metabolic pathways which is obtained from 
photoassimilates and coordinated by the circadian clock. In addition, more recently Chen et 
al. (2013b) showed that Fe deficient plants have a longer circadian period which is regulated 
by the genes LHY (Late elongated hypocotyl) and CCA1 (Circadian clock associated1). The 
genes LHY and CCA1 are key components of the circadian clock in A. thaliana and important 
for its correct regulation (Harmer, 2009;Hsu and Harmer, 2014). In our study, the gene 
LHY was down-regulated after 4 days and up-regulated after 12 days in shoots of all three 
A. thaliana accessions, while in roots it had the opposite pattern of regulation (Chapter 
4). In addition, among the general Zn deficiency responsive transcripts we found that in 
shoots other transcripts which are regulated by the circadian clock were down-regulated 
at both time points. Among these genes were TFs which belong to the C2C2-CO-like or 
CONSTANS LIKE family previously shown to be controlled by the circadian clock and affect 
meristem identity (Putterill et al., 1995;Ledger et al., 2001;Griffiths et al., 2003;Andres and 
Coupland, 2012). This may indicate that similarly to Fe the regulation of Zn homeostasis 
under Zn deficiency has an effect on the plant circadian rhythm. As plants were harvested 
always at the same time in our experiment the clock dependent pattern of expression 
of the C2C2-CO-like TFs should be the same at both time points. Further studies using a 
detailed time point experimental set up may enable the identification of Zn homeostasis 
genes which have their expression pattern regulated by the circadian clock or changes in 
the regulation of the circadian clock regulated genes as a result of the low Zn treatment.
Among the accessions general and specific transcripts we also found several plant defensins 
and defensin-like genes. Plant defensins and defensin-like genes encode cysteine-rich 
proteins with a globular three-dimensional structure stabilized by disulfide bonds (Thomma 
et al., 2002;Silverstein et al., 2005). A. thaliana has two families of defensin genes, AtPDF1 
and AtPDF2. In addition more than 300 genes have been annotated as encoding defensin-
like proteins in plants (Thomma et al., 2002;Silverstein et al., 2005). Defensins and defensin-
like genes have been demonstrated to play a role in several biological processes, including 
the response to biotic stresses (Terras et al., 1995;Penninckx et al., 1996;Thevissen et 
al., 1999;Stotz et al., 2009;De Coninck et al., 2010;De Coninck et al., 2013) and in some 
cases abiotic stresses (Koike et al., 2002;Mee Do et al., 2004;Mirouze et al., 2006). Studies 
investigating the Zn and Cd hyperaccumulator Arabidopsis halleri found that PDF1 defensins 
are constitutively expressed in roots of these plants (Mirouze et al., 2006). These authors 
demonstrated for the first time that defensins play a role in Zn homeostasis by showing that 
the overexpression of a defensin gene (PDF1.1) is able to confer tolerance to high Zn levels 
in A. thaliana and yeast (Mirouze et al., 2006). Around the same time van de Mortel et al. 
(2006) also described the strong up-regulation of PDF1 defensin genes in roots of A. thaliana 
plants exposed to Zn deficiency. Other studies also reported the differential expression 
of defensins and defensin-like genes in response to Mo (PDF2.1), Fe (defensin-like gene) 
and K (PDF1.2c) deficiency and drought (PDF1.2) (Armengaud et al., 2004;Buckhout et al., 
2009;Ide et al., 2010;Des Marais et al., 2012). In our study we found the strong up-regulation 
of PDF1 and PDF2 defensins and defensin-like genes both among the accessions common 
and specific transcripts in both roots and shoots (Chapters 4 and 5). The accession Col-0 
had more defensin and defensin-like genes highly up- and down-regulated in response to 
Zn deficiency in roots and shoots in comparison to Tsu-0 and Pa-2 which were considered 
more sensitive to Zn deficiency. This suggests that the differential regulation of defensin and 
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defensin-like genes may result in a higher tolerance to Zn deficiency. However, the exact role 
of defensins in Zn homeostasis is not known and further studies investigating the exact role 
of these proteins in the Zn homeostasis network with the use of knock-out lines are needed.
Exposure to Zn deficiency induces the formation of reactive oxygen species (ROS) in plants 
as a result of the stress which in combination with the impaired function of ROS scavenging 
enzymes may lead to damage. Examples of such enzymes are Cu/Zn superoxide dismutase 
(Cu/ZnSOD) which needs Zn as a structural component and has its activity reduced in 
plants exposed to Zn deficiency (Lindskog, 1997;Cakmak, 2000;Fabre et al., 2007). In line 
with this the reduced expression of the gene CSD2 encoding a Cu/Zn SOD was observed 
in shoots of several A. thaliana accessions when exposed to Zn deficiency as described 
in chapter 2. The formation of ROS has been described in plants both as a response to 
abiotic and biotic stresses (Fujita et al., 2006). It creates a signal that triggers downstream 
transcriptional changes from which many will overlap between biotic and abiotic stress 
(Fujita et al., 2006). We found transcripts involved in ROS scavenging being differentially 
regulated in the A. thaliana accessions in response to the Zn deficiency treatment (Chapters 
4 and 5). Other studies investigating plants response to Zn deficiency have also reported 
the differential regulation of transcripts involved in ROS scavenging in plants exposed to 
low Zn (van de Mortel et al., 2006;Chen et al., 2009;Li et al., 2013). Furthermore, several 
studies investigating the ecological relevance of Zn hyperaccumulation for plant species 
such as Noccea caerulescens have proposed a cross talk between ROS and the induction of 
responses to biotic and abiotic stresses (Fones et al., 2010;Fones et al., 2013;Hoerger et al., 
2013). These authors proposed that hyperaccumulator plants are more resistant to pathogen 
attack due to the cross talk between abiotic and biotic stress responses mediated by the 
ROS. We hypothesize that under Zn deficiency a similar mechanism takes place supported by 
the observed differential regulation of genes involved in defence response and biotic stress 
response in the three A. thaliana accessions studied. This would mean that abiotic stress 
and defence response genes are induced or repressed as an indirect effect of the formation 
of ROS by the Zn deficiency stress. However, further studies are necessary to elucidate the 
cross-talk between ROS, Zn deficiency stress, and defence and abiotic stress responses.
In plants soluble sugars play an important role in the supply of carbohydrates from source 
to sink tissues (Rosa et al., 2009). Soluble sugars can also act on the sensing and signaling 
of abiotic and biotic stress conditions through the plant which may result in changes of 
carbon portioning as an adaptive response (Gill et al., 2003;Rosa et al., 2009;Ahmad et 
al., 2012;Morkunas and Ratajczak, 2014;Tauzin and Giardina, 2014). The changes in sugar 
concentrations in plants exposed to stress conditions can occur due to changes in CO
2 
assimilation as a result of disruption in chloroplast structure or blocking of chloroplast 
electronic transport, activation of antioxidant enzymes, inhibition or delay in the activity 
of enzymes involved in sucrose-starch portioning or increased expression of sucrose 
synthesis enzymes, among other factors (Rosa et al., 2009). Changes in biomass allocation 
between roots and shoots have been demonstrated in A. thaliana plants exposed to N and P 
deficiency (Hermans et al., 2006). In this thesis the three A. thaliana accessions investigated 
in detail at the transcriptional level had differences in biomass allocation when exposed 
to the Zn deficiency treatment (chapter 5). Among the accessions general transcriptional 
changes at an early stage after exposure to Zn deficiency we found the up-regulation of 
transcripts involved in starch catabolism in shoots and the down-regulation of genes 
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involved in carbohydrate metabolism in roots (chapter 4). In addition, accession specific 
transcripts were involved in the regulation of carbohydrate metabolism (chapter 5). Tsu-
0 up-regulated transcripts involved in carbohydrate metabolism in shoot tissue under Zn 
deficiency which may be linked to its higher ability of maintaining shoot growth under Zn 
deficiency in comparison to the other accessions. Furthermore, Tsu-0 and Col-0 down-
regulated transcripts involved in response to carbohydrate in a late time point after exposure 
to Zn deficiency which may be related to the signaling role of sugars under stress conditions.
Some of the genes involved in carbohydrate metabolism present among the accessions’ 
common and specific transcripts were involved in glucosinolate metabolism (chapters 4 
and 5). Glucosinolates are secondary metabolites abundantly found in plant species of the 
Brassicaceae family which play a role in the plant defense against herbivores (Bones and 
Rossiter, 1996;Bednarek et al., 2009). The accessions common response to Zn deficiency 
involved the induction of glucosinolate catabolism and reduction of glucosinolate 
biosynthesis in roots of all three A. thaliana accessions at an early stage after exposure to Zn 
deficiency (chapter 4). However, the accession-specific response to Zn deficiency involved the 
induction of glucosinolate biosynthesis genes in shoot tissue of the accession Tsu-0, whereas 
in Col-0 and Pa-2 genes involved in glucosinolate degradation and biosynthesis inhibition 
were transcriptionally induced (chapter 5). The reduction in glucosinolates biosynthesis 
may result from the overlap between glucosinolates and auxin biosynthesis pathways in 
plants. Indole-glucosinolates and the auxin indol-3-acetic acid (IAA) are both derived from 
the same compound, tryptophan, which indicates that glucosinolates metabolism and 
plant growth are integrated and may explain the differential regulation of these genes 
in the three A. thaliana accessions when exposed to Zn deficient conditions (Grubb and 
Abel, 2006). The plant growth hormone auxin is associated with lateral root formation and 
axillary branching (Potters et al., 2009). The reduction in glucosinolates biosynthesis and 
the induction of its catabolism may reflect plants increased need of auxin biosynthesis in 
response to the Zn deficiency stress. In line with this the accessions Col-0 and Pa-2 had 
the smallest decrease in root biomass in response to Zn deficiency in comparison to Tsu-0.
1.3. Biological processes regulated by accession-specific transcripts and their possible role 
in Zn deficiency tolerance
Glutathione S-transferase proteins (GSTs) catalyze the formation of complexes between 
glutathione and electrophilic xenobics, such as herbicides and xenobiotics, tagging them for 
vacuolar sequestration (Edwards et al., 2000;Wagner et al., 2002). They play an important 
role in protecting cells of the plant against oxidative damage and are known to be induced in 
response to diverse abiotic and biotic stimuli (Sappl et al., 2009). In our study we found several 
genes encoding GSTs to be overrepresented among the accession-specific transcripts (chapter 
5). These genes were up-regulated in shoots and roots of the accession Tsu-0 and may play 
a role in the higher ability of this accession in maintaining shoot growth under Zn deficiency 
in comparison to Pa-2 and Col-0. van de Mortel et al. (2008) also observed the increased 
expression of four genes encoding GSTs in roots of the A. thaliana accession Col-0 under 
conditions of Zn deficiency and Cd excess. However, there was no overlap between the genes 
encoding GSTs found in our study and in the study of van de Mortel et al. (2008). Furthermore, 
the genes GSTU8 and 27 identified in our study have been previously shown to increase their 
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expression in A. thaliana plants exposed to sulfur starvation (Nikiforova et al., 2003). This 
indicates the role of these genes in the plants response to different nutrient stress conditions.
In shoot tissue of the accession Tsu-0 transcripts from the APETALA 2/ethylene responsive 
element binding (AP2-EREBP) family of TF genes were strongly down-regulated (chapter 5). 
Previous studies showed that their up-regulation in response to abiotic stress conditions 
induces the inhibition of cell proliferation and leaf growth while promoting leaf senescence 
(Dubois et al., 2013;Koyama et al., 2013). The down-regulation of these AP2-EREBP TFs 
in Tsu-0 shoots suggests the opposite, i.e. continued growth and proliferation, which 
could well be part of the reason that Tsu-0 maintains shoot growth when grown under 
Zn deficient conditions (chapter 5). The accessions Pa-2 and Col-0 showed no significant 
change in expression of these transcripts in response to the Zn deficiency treatment.
The plant cell wall forms the interface between cells, it has an important role in maintaining 
cell shape and intra and extracellular communication (Keegstra, 2010). The xyloglucan 
endotransglucosylase/hydrolase (XTH) proteins are involved in cell wall loosening and 
strengthening, integration of new xyloglucan molecules to the cell wall, trimming xyloglucans 
which are not tightly aligned to the surface of cellulose, fruit softening and hydrolisation 
of xyloglucans during xylem formation (Cosgrove, 2005). In our study several transcripts 
encoding XTH proteins were up-regulated in Pa-2 roots after 4 days of exposure to Zn deficiency 
and down-regulated in shoots after 12 days (chapter 5). This accession was more sensitive to 
Zn deficiency than the other two, showing a strong decrease in root biomass in response to 
the Zn deficiency treatment. The up-regulation of XTH transcripts in Pa-2 roots may reflect 
its attempt to repair the damage caused by the Zn deficiency treatment on its root cells. The 
transport of Zn and other elements trough the root cells can occur through an apoplastic and 
a symplastic route (Sinclair and Kramer, 2012). Apoplastic transport occurs via the cell walls 
and is highly dependent on the cell wall cation exchange capacity (CEC), the organization of 
Casparian strips around the root stele and the water flow in the root cells (Sattehmacher, 
2001). Thus it is possible that the negative effect of Zn deficiency on growth observed in Pa-2 
is the result of the damage to root cell walls and possible defective control of mineral element 
uptake through the apoplastic route. However, we did not observe a significant increase in 
the concentration of any element only in roots or shoots exclusive to the accession Pa-2.
Chromatin remodelling is among the mechanisms involved in the regulation of gene 
expression in plants. The chromatin is composed by nucleosomal subunits which consists of 
DNA sequences of approximately 146bp wrapped twice around an octamer of core histones 
(H2A, H2B, H3 and H4) (Zhu et al., 2008). The histone proteins regulate the transition of 
chromatin between active and inactive states controlling the accessibility of genes sequences 
to the transcriptional machinery and strongly influencing DNA replication and gene expression 
(Arents and Moudrianakis, 1995;Mariño-Ramírez et al., 2005;Zhu et al., 2008). Chromatin 
remodeling has also been associated with epigenetic changes in gene expression as part of 
the acclimation process after exposure to stress conditions (Zhu et al., 2008). In this thesis 
we demonstrated that the accession Col-0 down-regulated the expression of seven genes 
encoding histone proteins in roots after short term exposure to Zn deficiency (Chapter 5). 
Among these genes were: H3.1, previously shown to regulate heterochromatin condensation 
(Stroud et al., 2012;Vaquero-Sedas and Vega-Palas, 2013;Jacob et al., 2014) and H4, shown 
to regulate gene expression during cold stress acclimation resulting in a higher tolerance to 
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cold in A. thaliana plants (Zhu et al., 2008). Col-0 roots were highly tolerant to Zn deficiency 
in comparison to Pa-2 and Tsu-0 (chapter 5). The down-regulation of these histone proteins 
in an early stage after exposure to Zn deficiency in Col-0 roots may indicate that they play 
an important role in stress acclimation which results in a higher tolerance to Zn deficiency.
Transposable elements (TEs) are DNA sequences which can move from one place in the 
genome to another (Yaakov and Kashkush, 2011). Short interfering RNAs (siRNAs) and 
chromatin modification regulate the transcription of transposases which mediate TEs 
transposition (Wang et al., 2013b). Due to epigenetic changes, the plant response to stress 
conditions can induce the activity of TEs resulting in gene-size deletions or insertions, 
larger chromosomal rearrangements and changes in gene expression (Ma and Bennetzen, 
2006;Lisch, 2009;Tsukahara et al., 2009;Mirouze and Paszkowski, 2011;Bucher et al., 
2012;Ito, 2012). In our study we observed the strong up-regulation of genes encoding 
transposases in roots of Tsu-0 after 12 days of exposure to Zn deficiency. On the contrary, 
accession Pa-2 had a very strong induction of transposases expression already after 4 
days of exposure to Zn deficiency which was strongly repressed again after 12 days, both 
in roots and shoots (Chapter 5). These findings indicate that the differential regulation of 
transposases expression is a clue of large scale chromatin reorganization or demethylation 
which occurs as a response to the Zn deficiency stress. The accession specific differential 
regulation of these genes may indicate that the stress response is higher for Pa-2 than 
for Tsu-0 and Col-0 after 4 days exposure to Zn deficiency, while after 12 days the stress 
response in Tsu-0 is higher. Furthermore, because each of the studied accessions changed 
the expression of a group of TEs and histone proteins it shows that this response is highly 
accession specific. Future studies investigating in detail the targets of these TEs and their 
regulation will help elucidating the mechanisms involved in Zn deficiency homeostasis.
In summary, the research described in this thesis shows that there is natural variation for 
Zn deficiency tolerance between different A. thaliana accessions both at the physiological 
and transcriptional level in shoots and roots. We found several candidate genes with 
a potentially important role in the process of Zn deficiency response and their future 
confirmation through the use of gene knock-out lines is of paramount importance. In 
addition, we provided cues of the time scale induction of several genes involved in Zn 
deficiency homeostasis. This information is useful for future studies investigating the Zn 
sensing mechanism in plants by focusing on the regulation of early Zn deficiency responsive 
genes. Finally, the observed natural variation for Zn deficiency tolerance in A. thaliana also 
indicates that the use of genome wide association mapping studies (GWAs) is a promising 
alternative for future studies aiming to unravel new genes involved in the regulation of 
this trait. With the use of large natural populations of A. thaliana, such as the HapMap 
with 360 accessions, for GWAs we increase the chances of finding natural variants of genes 
involved in the control of Zn deficiency tolerance and investigate their ecological relevance.
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English summary
Zinc is an important structural component and co-factor of proteins in all living organisms. 
The model plant species for genetic and molecular studies, Arabidopsis thaliana, expresses 
more than 2,000 proteins with one or more Zn binding domains. Low Zn availability in 
arable soils is a widespread problem around the world which results in agricultural losses 
and the production of grains with low Zn content. The long-term consumption of low-Zn-
content food items leads to severe health problems in humans as a result of severe or 
mild dietary Zn deficiency. Hence the importance of studying Zn homeostasis in plants 
and mechanisms involved in Zn deficiency tolerance aiming to enhance Zn concentration 
in plants edible parts and to develop varieties with a higher tolerance to Zn deficiency.
Plants are sessile organisms which trough evolution have developed specific traits in order 
to adapt to certain environmental conditions in their surroundings. As a result some plant 
genotypes are more tolerant to Zn deficiency and when exposed to low Zn conditions are 
able to perform better than others. To investigate the physiological mechanisms involved 
in Zn deficiency tolerance I examined natural variation present in a set of twenty diverse 
Arabidopsis thaliana accessions. In chapter 2, differences in shoot biomass production, 
Zn usage index (ZnUI), ionome (concentration of elements) and expression level of six 
key Zn deficiency responsive genes were studied. Accessions did not show large natural 
variation for shoot Zn concentration under Zn deficiency, while the decreases in shoot 
biomass and ZnUI were more variable. The conclusion from this is that accessions differ for 
the minimum Zn concentration required for growth which is associated with differences 
in Zn deficiency tolerance. We also found that the gene expression levels of three Zn 
transmembrane transporters (IRT3, ZIP3 and 4) in shoot were positively correlated with 
ZnUI and shoot biomass, but negatively correlated with shoot Zn concentration. This implies 
that a higher tolerance to Zn deficiency in A. thaliana is associated with an increased Zn 
translocation from root to shoot under low Zn. Furthermore, I used a logistic regression 
model to demonstrate that differences in the shoot ionome can be used as a biomarker 
to identify the plant Zn physiological state. Based on the changes in the concentrations 
of some elements in each of the Zn deficiency treatments it was possible to predict the 
Zn physiological state of the plants similarly to when Zn concentration is used alone.
The adaptive response to Zn deficiency involves physiological changes in shoots, but 
also in roots which play a key role in the acquisition of nutrients. In chapter 3 I used the 
same twenty A. thaliana accessions as described in chapter 2 to identify root system 
architecture traits and changes in the root ionome involved in a higher tolerance to Zn 
deficiency in plants. Similar to shoots, all accessions showed a strong reduction in root 
Zn concentration under Zn deficiency, whereas changes in other root system architecture 
traits were more variable between the accessions. These analyses showed that differences 
between the accessions in root system architecture traits and minimum Zn concentration 
required for growth are important for Zn deficiency tolerance. The Zn deficiency 
treatment also affects the formation of lateral roots and thus root system architecture. 
It was therefore not surprising that the Zn deficiency treatment induced changes in the 
concentrations of other elements which were correlated with changes in root traits.
Plants respond to different concentrations of Zn supply by changing the expression levels 
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of genes involved in the Zn homeostasis network. This is important for the control of the 
Zn concentration and sequestration in plant cells, tissues and organs and involves the 
uptake, accumulation, transport and redistribution of Zn within the plant. Based on the 
work described in chapter 2, three A. thaliana accessions were selected with contrasting 
tolerance to Zn deficiency, and used for a whole genome transcription profiling analysis 
using RNA sequencing. Chapter 4 describes the identification of sets of general and core 
genes used by A. thaliana in its response to Zn deficiency. The purpose of using three 
accessions was to complement previous studies, which used only one accession, and 
identify new candidate genes involved in the general response to Zn deficiency in A. 
thaliana. General transcriptional changes were observed in the regulation of carbohydrate 
metabolism, glucosinolate biosynthesis and the circadian clock. As the transcriptional 
changes were recorded at two time points, it was also possible to distinguish early and late 
responses to Zn deficiency. The early response to Zn deficiency was stronger in roots with 
the induction of several Zn homeostasis genes and repression of Fe uptake genes. The late 
response to Zn deficiency comprised of the strong induction of several Zn uptake, transport 
and remobilization genes in both roots and shoots. These analysis confirmed several genes 
previously identified in Col-0 to have a general role in the Zn deficiency response, but it 
also led to the identification of new candidate genes, such as defensins and defensin-like 
genes, as very promising new actors in the A. thaliana Zn deficiency homeostasis network.
Chapter 5 describes the A. thaliana accession-specific Zn deficiency responsive transcript 
profiles, comparing Tsu-0, Pa-2 and Col-0, with the aim to identify biological processes involved 
in the observed differences in Zn deficiency tolerance between these three accessions. Tsu-
0 displayed a high tolerance to Zn deficiency in shoot, Col-0 (reference accession) showed 
a high tolerance to Zn deficiency in both root and shoot, whereas Pa-2 root and shoot were 
more sensitive to Zn deficiency. Some of the accession-specific Zn deficiency responsive 
transcripts were involved in similar biological processes, such as defence response, 
programmed cell death and carbohydrates and glucosinolates metabolism. The differential 
regulation of these processes between the three accessions may reflect their differences in 
Zn deficiency tolerance. Among the Col-0 specific transcripts were several genes encoding 
proteins kinases which may play a role in a more specific separation of the abiotic and 
biotic stress responses in this accession and possibly involved in its higher tolerance to Zn 
deficiency in both shoots and roots. Tsu-0 specifically changes the expression of a set of shoot 
transcripts encoding ethylene responsive transcription factors which are involved in the 
regulation of shoot growth and plant tolerance to abiotic and biotic stresses, corresponding 
well with the observed shoot Zn deficiency tolerance. Accession Pa-2 down-regulated 
transcripts involved in cell wall organization in roots which correlates with its high sensitivity 
to Zn deficiency in this organ. Finally, the accessions specific response to Zn deficiency also 
resulted in the differential regulation of transcripts encoding transposases which may reflect 
large scale chromatin reorganization or demethylation in response to the stress condition.
The main findings of the research described in this thesis and their implications are 
described in the General Discussion (chapter 6). By investigating the response to Zn 
deficiency in a diverse set of A. thaliana accessions both at the physiological and 
transcriptional level important mechanisms involved in Zn deficiency tolerance were 
identified. Furthermore, several key candidate genes among the accessions general 
and accession-specific Zn deficiency responsive transcripts were identified. The 
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further functional characterization of these genes is expected to reveal important new 
steps in the regulation of Zn homeostasis and Zn deficiency tolerance in A. thaliana.
217
Nederlandse samenvatting (Dutch summary)
Zink is een belangrijke structurele component en co-factor van eiwitten in alle levende 
organismen. De modelsoort voor genetische en moleculaire studies aan planten, 
Arabidopsis thaliana, brengt meer dan 2.000 eiwitten tot expressie met één of meer zink 
bindende domeinen. Lage beschikbaarheid van zink in landbouwgronden is een wereldwijd 
probleem dat leidt tot een verlies aan de landbouwproductiviteit en de productie van 
gewassen met een laag zinkgehalte. De langdurige consumptie van voeding met een 
laag zinkgehalte kan leiden tot ernstige gezondheidsproblemen bij de mens als gevolg 
van zinkgebrek. Het is daarom belangrijk de zinkhomeostase in planten te bestuderen 
alsmede de mechanismen die betrokken zijn bij tolerantie van planten voor zinkdeficiëntie. 
Met deze kennis is het mogelijk het zinkgehalte in de eetbare delen van gewassen te 
verbeteren en om rassen te ontwikkelen met een hogere tolerantie voor zinkdeficiëntie.
 
Planten zijn sterk plaatsgebonden organismen die gedurende de evolutie specifieke 
eigenschappen hebben ontwikkeld om zich aan te passen aan bepaalde milieu-
omstandigheden in hun omgeving. Als gevolg daarvan zijn sommige plantgenotypes 
toleranter voor zinkdeficiëntie dan andere. Hierdoor zijn zij bij beter dan andere in staat 
te groeien bij lage zinkconcentraties. Om de fysiologische mechanismen die betrokken 
zijn bij tolerantie voor zinkdeficiëntie te onderzoeken heb ik allereerst de natuurlijke 
variatie die aanwezig is in een set van twintig verschillende Arabidopsis thaliana accessies 
bestudeerd. In hoofdstuk 2 heb ik verschillen in de scheutbiomassa, “zinc usage index” 
(ZnUI), ionoom (concentratie van elementen in de plant) en de expressieniveaus van zes 
belangrijke genen betrokken bij zinkdeficiëntie bestudeerd. Deze accessies bleken geen 
grote natuurlijke variatie in zinkconcentratie in de scheut te vertonen onder een tekort 
aan zink, maar de afname van de scheutbiomassa en ZnUI vertoonden wel grote variatie. 
Dit betekent dat de accessies verschillen in de minimale zinkconcentratie vereist voor 
groei en logischerwijs met verschillen in de tolerantie voor zinkdeficiëntie. Daarnaast 
vond ik dat de genexpressieniveaus van drie transmembraan zinktransporters (IRT3, 
ZIP3 en 4) in de scheut positief gecorreleerd waren met ZnUI en scheutbiomassa, maar 
negatief met zinkconcentratie in de scheut. Dit betekent dat een hogere tolerantie voor 
zinkdeficiëntie in A. thaliana geassocieerd is met een verhoogde translocatie van zink van 
wortel naar scheut onder lage zink concentratie. Verder heb ik een logistisch regressiemodel 
gebruikt om aan te tonen dat verschillen in het scheutionoom gebruikt kunnen worden 
als een biomarker voor de fysiologische status waarin een plant verkeert. Op basis van de 
veranderingen in de concentraties van sommige elementen in elk van de zinkdeficiënte 
behandelingen was het mogelijk om de fysiologische status van planten voor wat betreft 
zink te voorspellen, vergelijkbaar met wanneer aleen de zinkconcentratie is gebruikt. 
De aanpassing van planten aan zinktekort behelst niet alleen fysiologische veranderingen in de 
scheut, maar ook in de wortels, die een sleutelrol spelen bij het opnemen van voedingsstoffen. 
In hoofdstuk 3 heb ik dezelfde twintig A. thaliana accessies als genoemd in hoofdstuk 2 
gebruikt  om eigenschappen van de wortelarchitectuur en veranderingen in het wortelionoom 
te identificeren die betrokken zijn bij een hoge tolerantie voor zinkdeficiëntie. Net als in de 
scheut, vertoonden alle accessies een sterke daling van zinkconcentratie in de wortels onder 
zinkdeficiëntie. Veranderingen in andere eigenschappen van de wortelarchitectuur waren 
meer variabel tussen de accessies. Deze analyses toonden aan dat de verschillen tussen de 
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accessies in wortelarchitectuur en de minimale zinkconcentratie die nodig is voor de groei 
belangrijk zijn voor zinkdeficiëntietolerantie. De  zinkdeficiëntiebehandeling beïnvloedde 
tevens de vorming van zijwortels en daarmee de wortelarchitectuur. Het was dan ook 
niet verwonderlijk dat de zinkdeficiëntiebehandeling veranderingen induceerde in de 
concentraties van andere elementen die gecorreleerd zijn met zink veranderingen in de wortel. 
Planten reageren op verschillende zinkconcentraties door de expressie van de genen die 
betrokken zijn bij het zinkhomeostasenetwerk te veranderen. Dit is belangrijk voor de 
controle van de zinkconcentratie en vastlegging in plantencellen, weefsels en organen en 
behelst de opname, accumulatie, transport en herverdeling van zink in de plant. Op basis 
van het in hoofdstuk 2 en 3 beschreven onderzoek werden drie A. thaliana accessies (Tsu-
0, Pa-2 en Col-0) geselecteerd met contrasterende tolerantie voor zinkdeficiëntie. Deze 
accessies werden gebruikt voor een transcriptoomanalyse met behulp van RNA-sequencing. 
Hoofdstuk 4 beschrijft de identificatie relevante genen gebruikt door A. thaliana in de 
reactie op zinkdeficiëntie. Doordat drie accessies met verschillende zinkdeficiëntiefenotypes 
gebruikt werden, kon de bestaande informatie over het zinkdeficiëntietranscriptome van 
A. thaliana aangevuld worden, en konden nieuwe kandidaatgenen geïdentificeerd worden 
die betrokken zijn bij de generieke reactie op zinkdeficiëntie in A. thaliana. Accessie-brede 
transcriptionele veranderingen werden gevonden voor genen betrokken bij de regulatie van 
het koolhydraatmetabolisme, glucosinolaatbiosynthese en de klok van planten. Aangezien 
de transcriptionele veranderingen op twee tijdstippen werden geanalyseerd, kon zowel de 
vroege als de late reacties op zinkdeficiëntie worden onderscheiden. De vroege respons 
op zinkdeficiëntie (na vier dagen) was sterker in wortels door bijvoorbeeld de inductie van 
verscheidene genen betrokken bij de zinkhomeostase en de repressie van genen betrokken 
bij de ijzeropname. De late reactie op zinkdeficiëntie (na twaalf dagen) bestond uit de 
sterke inductie van verschillende genen betrokken bij de opname, het transport en de 
mobilisatie van zink in zowel wortels als de scheut. Deze analyse bevestigde dat meerdere 
genen die eerder geïdentificeerd waren in A. thaliana een algemene rol spelen bij de 
zinkdeficiëntierespons. We hebben echter ook nieuwe kandidaatgenen geïdentificeerd 
als zeer veelbelovende nieuwe factoren in het zinkdeficiëntiehomeostasenetwerk 
van A. thaliana, zoals defensines en defensine-achtige genen. 
Hoofdstuk 5 beschrijft de zinkdeficiëntie responsieve transcriptieprofielen specifiek 
voor de verschillende A. thaliana accessies. Daarvoor zijn Tsu-0, Pa-2 en Col-0 
vergeleken om biologische processen te identificeren die de waargenomen verschillen in 
zinkdeficiëntietolerantie tussen deze drie accessies verklaren. Tsu-0 vertoonde een hoge 
tolerantie voor zinktekort in de scheut, Col-0 (de referentieaccessie) vertoonde een hoge 
tolerantie voor zinkdeficiëntie in zowel de wortels als de scheut, terwijl de wortel en scheut 
van Pa-2 gevoeliger waren voor zinkdeficiëntie. Enkele accessie- specifieke zinkdeficiëntie 
responsieve transcripten waren betrokken bij vergelijkbare biologische processen, zoals 
afweer, geprogrammeerde celdood en koolhydraat- en glucosinolaatmetabolisme. De 
verschillende regulaties van deze processen tussen de drie accessies kunnen hun verschillen 
in zinkdeficiëntietolerantie verklaren. Onder de specifieke transcripten van Col-0 waren 
verschillende genen die coderen voor kinase-eiwitten, die mogelijkerwijs een rol spelen bij 
de meer specifieke scheiding van de abiotische en biotische stressreacties in deze  accessie 
en zijn mogelijk betrokken bij de hogere tolerantie voor zinkdeficiëntie van zowel scheut 
als wortels. In Tsu-0 zijn specifiek de expressies veranderd  van een set genen die coderen 
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voor ethyleengevoelige transcriptiefactoren die betrokken zijn bij de regulatie van de groei 
van de scheut en tolerantie voor biotische en abiotische stress. Dit komt overeen met de 
zinkdeficiëntietolerantie van de scheut van deze accessie. Genen die lager tot expressie 
kwamen in Pa-2 waren betrokken bij de organisatie van de celwand in de wortels, hetgeen 
correleert met de hogere gevoeligheid voor zinktekort in wortels van deze accessie. 
Tenslotte leidde de accessie-specifieke respons op zinkdeficiëntie ook tot verschillen in 
transcriptie van transposase genen die mogelijkerwijs de grootschalige reorganisatie 
van chromatine of demethylering weerspiegelen als reactie op de stressconditie. 
De belangrijkste bevindingen van het onderzoek beschreven in dit proefschrift en de 
gevolgen daarvan worden tenslotte beschreven in de algemene discussie (hoofdstuk 
6). Door het onderzoeken van de respons op een zinktekort in een gevarieerde 
set van A. thaliana accessies op zowel het fysiologische als het transcriptionele 
niveau heb ik belangrijke mechanismen betrokken bij zink deficiëntie tolerantie 
geïdentificeerd. Bovendien heb ik een aantal belangrijke algemene en accessie-
specifieke zinkdeficiëntie responsieve kandidaat-genen geïdentificeerd. De toekomstige 
functionele karakterisering van deze genen onthult naar verwachting belangrijke nieuwe 
stappen in de regulering van zinkhomeostase en zinkdeficiëntietolerantie in A. thaliana.
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Resumo em Português (Portuguese summary)
O micronutriente zinco (Zn) é um importante componente estrutural e co-fator de proteínas 
e em todos os seres vivos. Arabidopsis thaliana é a planta modelo utilizada para estudos 
genéticos e moleculares e possui cerca de 2.000 proteínas com um ou mais sítios de 
ligação para Zn. A baixa disponibilidade de Zn em solos é um grande problema em todo 
o mundo que resulta em perdas agrícolas e na produção de grãos com baixo teor de Zn. 
Além disso, o consumo a longo prazo de alimentos pobres em Zn pode causar problemas 
de saúde graves em seres humanos. Desta forma, torna-se importente o estudo dos 
mecanismos envolvidos na homeostase de Zn e em uma maior tolerância à deficiência 
de Zn em plantas com o objetivo de se aumentar a concentração de Zn nos alimentos 
e desenvolver variedades de plantas com uma maior tolerância a deficiência de Zn.
As plantas são organismos sésseis que através da evolução desenvolveram traços específicos, 
a fim de se adaptar a certas condições ambientais em seus arredores. Como resultado, 
alguns genótipos de plantas são mais tolerantes à deficiência de Zn e quando expostos 
a condições de pouco Zn mostram uma melhor performance do que outros genótipos 
menos tolerantes. Neste trabalho utilizamos a variação natural presente em um conjunto 
de vinte genótipos de A. thaliana para investigar os mecanismos fisiológicos envolvidos 
na tolerância à deficiência de Zn. No capítulo 2 estudamos as diferenças na produção 
de biomassa da parte aérea, o índice de uso de Zn (ZnUI), o ionoma (concentração de 
elementos) e a expressão de seis genes envolvidos na resposta a deficiência de Zn. Quando 
tratados com deficiência de Zn os genótipos não apresentaram grande variação natural para 
a concentração de Zn na parte aérea, ao passo que o decréscimo da biomassa da parte 
aérea e ZnUI variaram mais entre os genótipos. Com isso concluiu-se que os genótipos 
diferem na concentração mínima de Zn necessária para o crescimento que está associada 
com diferenças na tolerância a deficiência de Zn. Além disso, os níveis de expressão gênica 
na parte aérea de três genes condificando proteinas transportadoras de Zn (IRT3, ZIP3 e 4) 
mostraram uma correlação positiva com ZnUI e biomassa e negativa com a concentração 
de Zn na parte aérea. Este resultado indica que uma maior tolerância à deficiência de Zn 
em A. thaliana está associada com o aumento da translocação Zn da raiz para a parte aérea 
em condições de baixo Zn. Também utilizamos um modelo de regressão logística para 
demonstrar que as diferenças no ionoma da parte aérea podem ser utilizadas como um 
biomarcador para a classificação do estado fisiológico da planta com relação a nutrição de 
Zn. Com base nas alterações na concentração de determinados elementos em cada um dos 
tratamentos de deficiência de Zn este modelo possibilitou prever o estado fisiológico de Zn 
das plantas de modo semelhante ao obtido quando utilizou-se a concentração de Zn apenas.
A resposta adaptativa a deficiência de Zn resulta em alterações fisiológicas na parte aérea 
e também nas raízes que desempenham um papel chave na aquisição de nutrientes. No 
capítulo 3 utilizou-se os mesmos vinte genótipos de A. thaliana, conforme descrito no 
capítulo 2, para identificar características da arquitetura do sistema radicular e mudanças 
no ionoma da raiz envolvidas em uma maior tolerância a deficiência de Zn em plantas. 
Semelhante ao que observamos na parte aérea, quando expostos a deficiência de Zn 
todos os genótipos mostraram uma grande redução na concentração de Zn na raiz. Por 
outo lado, as alterações em outras características da arquitetura do sistema radicular foram 
mais variáveis entre os genótipos. Estas análises mostraram que as diferenças entre os 
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genótipos para características da arquitetura do sistema radicular e concentração mínima 
de Zn necessária para o crescimento são importantes para a tolerância a deficiência de Zn. 
O tratamento de deficiência de Zn também afetou a formação de raízes laterais e, assim, 
a arquitetura do sistema radicular. Foi, portanto, não surpreendente que o tratamento 
de deficiência de Zn induziu também alterações nas concentrações de outros elementos 
na raiz além de Zn que foram correlacionadas com mudanças nas características da raiz.
As plantas respondem a diferentes níveis de Zn no solo alterando a expressão de genes 
envolvidos na homeostase de Zn. Isto é importante para o controle da concentração 
de Zn na planta e para a sua distribuição entre células, tecidos e orgãos através dos 
processos de absorção, acumulação, transporte e redistribuição de Zn no interior da 
planta. Com base no trabalho descrito nos capítulos 2 e 3, foram selecionados três 
genótipos de A. thaliana com contrastantes níveis de tolerância a deficiência de Zn. Este 
foram utilizados para o estudo do transcriptoma ao nível do genoma através da técnica 
de sequenciamento de RNA. No capítulo 4 descrevemos a identificação de conjuntos de 
genes gerais e fundamentais utilizados pelos três genótipos de A. thaliana em resposta 
à deficiência de Zn. Três genótipos foram utilizados com o objetivo de se complementar 
estudos anteriores que utilizaram apenas um genótipo e identificar novos genes envolvidos 
na resposta geral à deficiência de Zn em A. thaliana. Genes controlando a resposta geral 
desses genótipos a deficiência de Zn estavam envolvidos na regulação do metabolismo 
de carboidratos, biossíntese de glucosinolates e relógio circadiano. Neste experimento 
as plantas foram coletadas em dois pontos de tempo para a identificação das mudanças 
transcricionais rápidas e tardias após a transferência das plantas para o tratamento de 
deficiência de Zn. Observamos que a resposta rápida a deficiência de Zn foi mais forte 
em raízes com a indução de vários genes envolvidos na homeostase de Zn e repressão de 
genes envolvidos na absorção de Fe. A resposta tardia à deficiência de Zn caracterizou-se 
pela forte indução de vários genes envolvidos na absorção, transporte e remobilização de 
Zn na raiz e parte aérea. Também encontramos vários genes previamente identificados 
em estudos utilizando apenas o genótipo Col-0 de A. thaliana envolvidos na resposta a 
deficiência de Zn, além de novos genes candidatos, tais como os defensins e defensin-like.
No capítulo 5 descrevemos a resposta específica de cada genótipo de A. thaliana a deficiência 
de Zn no nível transcricional. Neste estudo comparamos os genótipos Tsu-0, Pa-2 e Col-0 
com o objetivo de identificar os processos biológicos envolvidos nas diferenças observadas 
em níveis de tolerância à deficiência de Zn entre estes três genótipos. Tsu-0 mostrou uma 
alta tolerância a deficiência de Zn na parte aérea, Col-0 (genótipo referência) mostrou uma 
alta tolerância a deficiência de Zn na raiz e parte aérea, ao passo que Pa-2 mostrou uma 
menor tolerância a deficiência de Zn na raiz e parte aérea. Alguns dos genes envolvidos na 
resposta específica de cada A. thaliana genótipo a deficiência de Zn participam da regulação 
de processos biológicos similares, por exemplo: defesa, morte celular programada e 
metabolismo de carboidratos e glucosinolates. Isto indica que a regulação diferencial 
desses processos entre os três genótipos pode refletir as diferenças em tolerância a 
deficiência de Zn observadas entre os três genótipos. Genes específicos do genótipo Col-0 
codificavam proteínas quinases que desempenham um papel na separação mais específica 
das respostas aos estresses abióticos e bióticos e estão possivelmente envolvidos em 
sua maior tolerância a deficiência de Zn na raiz e parte aérea. O genótipo Tsu-0 mudou 
especificamente a expressão de um conjunto de genes codificando fatores de transcrição 
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responsivos ao etileno que estão envolvidos na regulação do crescimento da parte aérea 
e tolerância a estresses bióticos e abióticos e podem estar relacionados a sua maior 
tolerância a deficiência de Zn na parte aérea. O genótipo Pa-2 reprimiu a expressão de genes 
envolvidos na organização da parede celular em raízes que podem estar relacionados com 
a sua maior sensibilidade a deficiência de Zn neste órgão. Finalmente, a resposta específica 
dos A. thaliana genótipos a deficiência de Zn também resultou em mudanças na regulação 
de genes codificando transposases, que podem estar envolvidos em reorganizações 
de grande escala da cromatina ou desmetilação em resposta à condição de stress.
As principais conclusões do estudo descrito nesta tese e suas implicações são abordadas na 
Discussão Geral (capítulo 6). Ao investigar a resposta de um conjunto diverso de genótipos de 
A. thaliana a deficiência de Zn ao nível fisiológico e transcricional identificamos importantes 
mecanismos fisiológicos e de transcrição envolvidos na tolerância a deficiência de Zn. Além 
disso, diversos genes candidatos foram identificados entre os genes envolvidos na resposta 
geral e específica de cada genótipo de A. thaliana a deficiência de Zn. Estudos futuros 
envolvendo a caracterização funcional desses genes podem revelar novos e importantes 
passos na regulação da homeostase Zn e tolerância à deficiência de Zn em A. thaliana.
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Genetics
Wageningen University & Research Centre, The Netherlands
date
► 
Dec 14, 2009
► 
► 
► 
► 
1.5 credits*
date
► 
Feb 26, 2009
Jun 01, 2010
May 20, 2011
► 
Feb 18, 2009
Feb 16, 2010
Jan 20, 2011
Feb 10, 2011
Dec 09, 2011
Dec 13, 2013
► 
Apr 19-20, 2010
Apr 04-05, 2011
Apr 02-03, 2012
► 
Mar 16-17, 2009
Jun 26, 2009
Sep 21, 2009
Sep 21, 2009
Sep 22, 2009
Sep 29, 2009
Oct 21, 2009
Oct 21, 2009
Nov 05, 2009
Feb 11, 2010
Feb 17, 2010
Mar 15-16, 2010
Sep 17, 2010
Dec 1, 2010
Jan 31-Feb 01, 2011
Jun 21, 2011
Nov 25, 2011
Feb 29-Mar 01, 2012
Feb, 2013
► 
Sep 17, 2010
Dec 1, 2010
Seminar plus
Studying the genetics of root growth in rice - Dr. Adam Price
Molecular Basis of Plant Nutrition: Insights into the responses to magnesium and nitrate availability - Dr. 
Christian Hermans
Seminar Key Gene: Phenotyping for dynamic structures and function by non-invasive technologies
ESP Symposium: Ecology and Experimental Plant Sciences 2
CBSG Cluster meeting Arabidopsis & Brassica, Bioinformatics/Technology
Invited seminar: 'The molecular regulation of seed dormancy'
Invited seminar: 'The Brassica rapa genome assembly using short read sequencing technology'
EPS Symposium: Photosynthesis: from femto to Peta and from nano to Global
Mini-Symposium: Plant Breeding in the Genomics Era. Wageningen University, The Netherlands
Centre for BioSystems Genomics (CBSG) Summit 2012. Wageningen, The Netherlands
Centre for BioSystems Genomics (CBSG) Summit 2013. Wageningen, The Netherlands
Education Statement of the Graduate School
Experimental Plant Sciences
Subtotal Start-up Phase
1) Start-up phase 
EPS PhD Student Days
PhD student day, Leiden University, NL
University:
Issued to:
PhD student day, Utrecht University, NL
Date:
Group:
EPS Theme Symposia
EPS Theme 4 Symposium 'Genome Biology', Wageningen University, NL
NWO Lunteren days and other National Platforms
NWO-ALW meeting 'Experimental Plant Sciences', Lunteren
NWO-ALW meeting 'Experimental Plant Sciences', Lunteren
NWO-ALW meeting 'Experimental Plant Sciences', Lunteren
First presentation of your project
Constructing the genetic regulatory network controlling mineral nutrient use efficiency in Arabidopsis
Writing or rewriting a project proposal
Writing a review or book chapter
MSc courses
Laboratory use of isotopes
EPS Theme 1 Symposium: 'Developmental Biology of Plants', Leiden University, NL
EPS Theme 3 Symposium 'Metabolism and Adaptation', Wageningen University, NL
EPS Theme 4 Symposium 'Genome Biology', Wageningen University, NL
PhD student day, Wageningen University,  NL
EPS Theme 3 Symposium 'Metabolism and Adaptation', Leiden University, NL
EPS Theme 3 Symposium 'Metabolism and Adaptation', Utrecht University, NL
2) Scientific Exposure 
Seminars (series), workshops and symposia
Centre for BioSystems Genomics (CBSG) Summit 2009. Wageningen, The Netherlands
Seminar: Linkage disequilibrium and association mapping - helping to overcome the paradox of modern 
plant breeding
Seminar Key Gene: Improving Nitrogen Use Efficiency in Maize and other crops. Importance of plant 
phenomics for basic and agronomic studies.
Workshop: Intellectual Property Rights: basic principles and applications. Wageningen, The Netherlands.
NCSB/CBSG symposim: Plant systems biology
Centre for BioSystems Genomics (CBSG) Summit 2010. Wageningen, The Netherlands
Invited seminar: 'Studying the genetics of root growth in rice'
Invited seminar: 'Molecular Basis of Plant Nutrition: Insights into the responses to magnesium and nitrate 
availability'
Centre for BioSystems Genomics (CBSG) Summit 2011. Wageningen, The Netherlands
Mini-Symposium: The role of zinc in the soil-plant system. Wageningen University, The Netherlands
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► 
Jun 17-20, 2009
Nov 02-03, 2009
Sep 30-Oct 02, 2010
Nov 03-05, 2010
May 24-27, 2011
Oct 23-26, 2012
Jun 09-13, 2013
► 
2009 - 2010
2011 - 2013
Sep 29, 2009
Sep 30-Oct 02, 2010
May 24-27, 2011
Feb 29-Mar 01, 2012
Oct 23-26, 2012
Jun 09-13, 2013
Feb, 2013
► 
Feb 17, 2011
► 
29.8 credits*
date
► 
Apr 14-16, 2010
Aug 21-24, 2012
Aug 27-31, 2012
► 
2009 - 2013
► 
6.6 credits*
date
► 
Nov 19, 2009
Mar 03-Jun 30, 2010
Jun 14-16, 2010
Sep-Oct, 2011
Feb 23, 2012
May 24, 2012
Mar 13-15, 2013 
► 
► 
5.1 credits*
43.0
Cost Action FA0905 - Third Annual Workshop - Enhanced Nutritional Value of Plant-Derived Food or 
Feed. Lisbon, Portugal
Cost Action FA0905 - Fourth Annual Workshop - Mineral Improved Crop Production for Health Food and 
Feed. Sweden
Presentations
International symposia and congresses
Summer School Mineral nutrition in photosynthetic organisms: molecular, physiological and ecological 
aspects. Maratea, Italy
EPSO-Workshop on Plant Phenotyping. Jülich, Germany
Genetics of Plant Mineral Nutrition. Hannover, Germany
Next Generation Sequencing Symposium. Cologne, Germany
TRACEL 2011: 3rd International Symposium on Trace Elements & Health. Murcia, Spain
Skill training courses
Scientific Publishing
Membership of Board, Committee or PhD council
Organisation of PhD students day, course or conference
3) In-Depth Studies
Subtotal Scientific Exposure
Summer School - Natural Variation of Plants
Individual research training
Member of the literature discussion group Genetics
Postgraduate course 'Bioinformatics - A user's approach'
Journal club
Subtotal In-Depth Studies
* A credit represents a normative study load of 28 hours of study.
TOTAL NUMBER OF CREDIT POINTS*
Herewith the Graduate School declares that the PhD candidate has complied with the educational 
requirements set by the Educational Committee of EPS which comprises of a minimum total of 30 ECTS 
Subtotal Personal Development
4) Personal development
Academic Writting II
Project and Time Management
Association Mapping course
Stress Identification & Management
Statistics course: Linear Models
PCDI Postdoc Retreat Life Sciences
IAB interview
Meeting with a member of the International Advisory Board of EPS
Excursions
EPS courses or other PhD courses
Spring School - RNAi & the Wold of Small RNA Molecules
Seminar Series Plant Physiology (2 x Oral)
Seminar Series Genetics (3 x Oral)
CBSG Cluster meeting Arabidopsis & Brassica, Bioinformatics/Technology (Oral)
Genetics of Plant Mineral Nutrition. Hannover, Germany (Poster)
TRACEL 2011: 3rd International Symposium on Trace Elements & Health. Murcia, Spain (Poster)
Centre for BioSystems Genomics (CBSG) Summit 2012. Wageningen, The Netherlands (Poster)
Cost Action FA0905 - Third Annual Workshop - Enhanced Nutritional Value of Plant-Derived Food or 
Feed. Lisbon, Portugal (Poster)
Cost Action FA0905 - Fourth Annual Workshop - Mineral Improved Crop Production for Health Food and 
Feed. Sweden (Oral)
Centre for BioSystems Genomics (CBSG) Summit 2013. Wageningen, The Netherlands (Poster)
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